
-RDR25 7 -1PU 00NV 1001! bd ABLATION PLA SMAS ENUERATED B 1
INTENSE ELECTRON . (U) MICHIGAN UNIV RN RRBOR DEPT OF
NUCLEAR ENGINEERING R Nf GILGENBACH ET AL. NOV 88

ULASSIFIED AFOSR-TR-89-0294 FMS-B-0012 F/G 20/9 1Vnmllllmmmi
EEEIIIEEEIIIII
EEllIE~llllllE

ElEElhlllEEEE
,-ill/l/I/E/I
EgggIhghllmhmm
Eh////ll/I/lmi



1.0H

.1'3,2 - I! 2.

3 6 999E

II2.0
'I1.8

I 25 __ 13



Final Report to: Rsac

The Air Force Office of Scientiic Rsac

for thle project:

"POPULATION IN VERSIONS IN
ABLATION PLASMA S GENERA TED
BY INTENSE ELECTRON BEAMS??.

(AFOSR-86-0012)

R.MN,. Gilgenbach

T. Kanimash -

M.L. Brake

Nuclear E ngorinie er in g Department

The University of Michigan

Ann Arbor, MI 481JI09

November 1988
Intense Energy Beam Interaction Laboratory

1611 A

Iloll



CLASS*C? of OPTwo$ PAGE

REPORT OOCUMAENTATION PAGE

Lb n &ac .Jmt s L UFC TO s if OAI 3 DiSTRIO ION/AVAILABILITY OF PIEOPI
Approved for public release;

h, Od CL,..IP SCAT SCO41OMO~ eOULI Dis tribution un~limited

4 Pt5tOAh*SNG OAGANIZATIO ,N AEPO
m T 

NUBAERa) S. MONITORING OFGANIZATION REPORT NLIMBRP141

A.FOSR F.na-l Report, Dec. 1988AYb -l. - 29
k AME Op PERkF0LowR ORANIZATION to OFFICE 31%4O01- NAME Or, MONITORING ORIGANIZATION

NucearEncneeincDeo. (f dejewebe)Air Force Office of Scientific

Unuclearst onieef g et Research

U- AOtaSS (city, Sl4ar W6 ZIP Co" I 7b. AODRESS (City. Slab a"t ZIP Cadea

Cooley Bldg., North Campus Boiling Air Force Base
Ann Arbor, M!I 48109 Washington, DC 20332-6648

$I& NAME OF FUNDINGISPONSORING 8b. OFF ICE S MSOOL 1. PROCUREMENT IN4STR)MENT #DENTIPiC-ATIOd NUMBER

Air orceCSRAFOSR 86-0012

Or ADDRIESS iCitY. Sidle end ZIP COda? 10 SOOPC OF FUNDING NOIS.

Blli" ng Air Force Base PPIOGRAU PRJC TASK WORK V~aT

Washington, Dc 20332-64448 ELIEME NTNO. No. NO. No

11. TITLE darid Swrunry ClaIftet,041

Population Inversions in Ablation Plasm s 6eierate by Int-ense E ectrnn Bea!-s

IL PSftSONAL AUTI4DRIS) R. M. Gilgenbach, T1. Xamrash, anid M. L. Brake

134. TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT tYr. Ago.. S.) ~ PAGE COuNT

Final Report TFPOh&i z T1L-~-3'- 1988, Dec. , 22 207 6

MLSPPLEMENTARY NOTATION

17 COSATI CODES it. SU~jECT TEIRMS VComanue on meavr ifpwceasay eL9 d enlty by bdock nlumert

-FIELD GROUP su SUB i ntense electron bears, e-beam pumbping, anode

plasma, spectroscopy

VO. A1TRACT ICON$~. so WW newmn ma Ld mise 41) y b6"W number)

Experiments during the past three years have concerned the generation and spectroscopic study of

electron beam-driven carbon plasmnas in order to explore the production of optical and ultraviolet
radiation from nonequilibrium populations. A unque electron beam facility, the Michigan Electron
Long Beam Accelerator, (MELBA), has been utilized in these investigations. MELBA has been
operated with typical parameters of voltage = -0.8 MIV, current = 6 to 65 kA, and pulselengths of
about I microsecond. In this experimental conif-iguration, the output of MELBA has been
connected to an electron beam diode consisig of an aluminum (or brass) cathode stalk and a
carbon anode. Magnetic field coils have beer, designed, procured, and utilized during the final year
of this project in order to focus the electron beamn. A side viewing port permitted spectroscopic
diagnostics to view across the surface of the anode. Spectroscopic diagnosis has been per-formed
using a 1 m spectrograph capable of operation from the vacuum ultraviolet through the visible.
This spectrograph is coupled to a 1024 channel optical multichannel analyzer. Spectroscopic data
can be summarized as follows (over).
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Spectra taken during the initial 400 ns period of the c-beam pulse showed a low effective charge
plasm-a with primarily molecular components (C2 , CHI) as well as atomic hydrogen and singly
ionized carbon (CII). These constituents are probably due to hydrocarbons on the surface of the
cathode and anode as well as absorbed gases in the graphite. When the generator pulse was
c-rowvo'arred after the first 400 ns, the spectra revealed a continuation of the low charge state
plasma. At times preater than 400 ns in non-crowbarred shots, the spectra revealed a highlyionized plasma with a very large intensity line at 2530 Angstroms due to CIV (5g-4f), and lower
intensitv lines due to C1 and CII. This CIV line emission increased with time, peaking sharply
between 750 ns and 900 ns. and decaved rapidly in less than 100 ns. (Other researchers at
National Bureau of Standards have shov.T, the 2530 Angstrom CrY (5g-4f) line to be a lasing
transition in a theta pinch.) Emission from these -.igh ionization states may be due to electron
beam-plasma instabilities, as this emission was accompanied by high levels of radio frequency and
microwave emission. This high power RF emission may play a role in enhancing the energy
ransfer from the electron beam to the plasma. At times well after diode shorting, the emission
spectra reveal a cooling and recombining plasma. Emission b.ctroscopy performed with an
applied magnetic field of 500-920 Gauss yielded an overall increase in the optical emission
intensity, although the features of the spectra were similar to the unmagnetized case. In the
magnetized case, the spectroscopic emission also indicated an extremely non-equilibrium carbon
plasma or plasma species which ha ie not yet been identified- Data analysis is underway to
determine whether population invers;ions were generated in the magnetized and unmagnetized case.
A number of other electron beam-p.asma diagnostics have been developed in this research,

including: 1) Cerenkov plate with ga~eo-imtensified microchannel plate camera, 2) Laser deflecnon
system, 3) Radio Frequency and ,-icrowave probes, 4) Faraday cups, and 5) B-dot loops. These
diagnostics also show that the electron beam interaction with the dense carbon plasma is subject to
a strong electron beam-plasma instability. This apparent instability' also shows large fluctuations in
the cathode current, a spreading of the electron beam profile on Cerenkov plates, and is associated
with the phenomenon of "voltage peaking". Voltage peaking behavfior showed a large increase in
the e-beam generator voltage after predicted cathode shortng.

Theoretical models have been developed in order to understand the emission from an electron
beam heated carbon plasma with special emphasis on the CIV (C+ +D 5g-4f transition occurring a:
25 30 Angstroms. This stuoy was motivated by the experiments caried oui Ufl 11B., " ,
represents an attempt to understand the plasma response to various electron beam parameters. The
evolution of the 2530 Angstrom line emission cannot be studied by only' considering plasma
ionization dynamics (atomic physics). Heating and cooling rates which depend on the plasma
macroscopic evolution and electron beam-plasma interactions are important. The complete
theoretical model consists of three coupled modules describing the plasma hydrodynamics,
ionization dynamics, and electron bearn-tiasma interactions. A one dimensional geometry was
utilized and an optically thin plasma ,.a, assumed in addition to the atsence of externaliy applied
electromagnetic fields. These studies re' eaied two characteristic responses of the plasma to
electron beam heatirg. Type A plasrma oc.:Lr for "slow" heating rates which cause slow barrier
hurnthrough and little heating with the ,.bexquent 2530 Angstrom emission being of lowA intensi,,

-pe B plasma quickly bums through: :-'e ra:ativc emission barrier to reach temperatures where
";enificant 2530 Angstrom emission i, s'-,e-td. Model results agree qualitatively with MELBA
experimental observations, indicatinn a A'pe A response.
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1.0 Executive Summary

1.1 Experimental Program
Experiments during the past three years have concerned the generation and spectroscopic study of

electron beam-driven carbon plasmas in order to explore the production of optical and ultraviolet

radiation from nonequilibrium populations. A unique electron beam facility, the.Michigan Electron

Long Beam Accelerator, (MELBA), has been utilized in these investigations. MELBA has been

operated with typical parameters of voltage = -0.8 MV, current = 6 to 65 kA, and pulselengths of

about I microsecond. In this experimental configuration, the output of MELBA has been

connected to an electron beam diode consisting of an aluminum (or brass) cathode stalk and a

carbon anode. Magnetic field coils have been designed, procured, and utilized during the final year

of this project in order to focus the electron beam. A side viewing port permitted spectroscopic

diagnostics to view across the surface of the anode. Spectroscopic diagnosis has been performed

using a I m spectrograph capable of operaticn from the vacuum ultraviolet through the visible.
This spectrograph is coupled to a 1024 channel optical multichannel analyzer. Spectroscopic data

can be summarized as follows. Spectra taken during the initia! 400 ns period of the e-beam pulse

showed a low effective charge plasma with primarily molecular components (C2 , CH) as well as

atomic hydrogen and singly ionized carbon (CII). These constituents are probably due to

hydrocarbons on the surface of the cathode and anode as well as absorbed gases in the graphite.

When the generator pulse was crowbarred after the first 400 ns, the spectra revealed a continuation

of the low charge state plasma. At times greater than 400 ns in non-crowbarred shots, the spectra

revealed a highly ionized plasma with a very large intensity line at 2530 Angstroms due to CIV

(5g-4f), and lower intensity lines due to CIII and CII. This CIV line emission increased with time,

peaking sharply between 750 ns and 900 ns, and decayed rapidly in less than 100 ns. (Other

researchers at National Bureau of Standards have shown the 2530 Angstrom CIV (5g-4f) line to beI
a lasing transition in a theta pinch.) Emission from these high ionization states may be due to

electron beam-plasma instabilities, as this emission was accompanied by high levels of radio

frequency and microwave emission. This high power RF emission may play a role in enhancing

the energy transfer from the electron beam to the plasma. At times well after diode shorting, the

emission spectra reveal a cooling and recombining plasma. Emission spectroscopy performed

with an applied magnetic field of 500-920 Gauss yielded an overall increase in the optical emission

intensity, although the features of the spectra were similar to the unmagnetized case. In the

magnetized case, the spectroscopic emission also indicated an extremely non-equilibrium carbon

plasma or plasma species which have not yet been identified. Data analysis is underway to

determine whether population inversions were generated in the magnetized and unmagnetized case.

A number of other electron beam-plasma diagnostics have been developed in this research,

including: 1) Cerenkov plate with gated-intensified microchannel plate camera, 2) Laser deflection

system, 3) Radio Frequency and microwave probes, 4) Faraday cups, and 5) B-dot loops. Th-se

diagnostics also show that the electron beam interaction with the dense carbon plasma is subject to



a strong electron befam-plasma instability. This apparent instability also shows large fluctuations in
the cathode current, a spreading of the electron beam profile on Cerenkov plates, and is associated

with the phenomenon of "voltage peaking". Voltage peaking behavior showed a large increase in

the e-beam generator voltage after predicted cathode shorting.

I 1.2 Theoretical Program
Theoretical models have been developed in order to understand the emission from an electron beam

heated carbon plasma with special emphasis on the CIV (C+ + +) 5g-4f transition occurring at 2530
Angstroms. This study was motivated by the experiments carried out on MELBA, and represents

I an attempt to understand the plasma response to various electron beam parameters. The evolution

of the 2530 Angstrom line emission cannot be studied by only considering plasma ioniz~ition

dynamics (atomic physics). Heating and cooling rates wh;ch depend on the plasma macroscopic

evolution and electron beam-plasma interactions are important. The complete theoretical model

cnsists of three coupled modules describing the plasma hydrodynamics, ionization dynamics, and

electron beam-plasimia interactions. A one dimensional geometry was utilized and an optically thin
plasma was assumed in addition to the absence of externally applied electromagnetic fields. These

studies revealed two characteristic responses of the plasma to electron beam heating. Type A
plasma occurs for "slow" heating rates which cause slow barrier burnthrough and little heating

with the subsequent 2530 Angstrom emission being of low intensity. Type B plasma quickly

burns through the radiative emission barrier to reach temperatures where significant 2530p, Angstrom emission is observed. Model results agree qualitatively with MELBA experimental

observations, indicating a Type A response.

I
I
I
I
I
I

I
I



!
I

S2.0 Introduction

Plasma use as a lasing medium has many potential advantages over conventional techniques

Iincluding increased power levels and greater wavelength ranges, particularly in the ultraviolet and

soft X-ray regimes. The basic concept, first proposed by Gudzenko1 , is to heat and then rapidly

cool a plasma forcing inversion through bottleneck creation between the recombination reaction

N populating a given energy level and the subsequent decay processes. Much effort has been

devoted to plasmas heated by lasers 2 and pinch devices 3. The ultimate efficiency of laser driven

I plasma lasers is limited by the relatively low efficiency of the laser used to pump the plasma. A

plasma laser driven directly by a pulsed power source (e.g. Marx generator) has the potential for

high efficiency, compact/light weight design, and moderate cost. The Soviets have investigated

intense proton beam pumped plasma lasers, however, the University of Michigan experiments are

the first to explore the possibility of directly driving plasma emission by means of a long-pulse,

I intense, relativistic electron beam.

1. L. 1. Gudzendo and L. A. Shelepin, Soy. Phys. JETP 18. 988 (1963). Also L. I. Gudzenko,

L. A. Shelepin, and S.1. Yakovlenko in Proceedings of the P. N. Lebedev Institute, G. N.

Basov, Ed., 1977, Vol. 83.I
2. For example see S. Suckewer, C. K. Skinner, H. Milchenburg, C. Keane, and D. Voorhees,

Appl. Phys. Lett. 55, 1753 (1985).

U
3. R. U. Datla, J. R. Roberts, and M. Blaha, J. Ouant. Spect. Radiat. Transfer 16, 1043 (1987).

I
I
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3.0 Exnerimental Configuration and Diagnostics

I 3.1.1. Marx Bank

These experiments were performed on the Michigan Electron Long Beam

I Accelerator (MELBA). MELBA is driven by a long pulse Marx bank with an additional

capacitor stage designed for voltage compensation (at 1 MV, 10 kA, and 1.5 pgs). This

design, due to Abramyan [Abr77a, Smi79] uses a reverse-charged, ringing capacitor

stage for voltage compensation of the natural Marx RC decay and decay from impedance

collapse caused by diode closure. See [Gi185, Luc88] for a description of the generator

and further descriptions of voltage compensation in theory and practice. Voltage

compensation was not an important issue in the experiments performed in this thesis.

Typical MELBA parameters for these experiments are peak voltages of -0.8 MV,

currents up to 60 kA, and pulselengths between 0.5 and 4.0 pis depending on gap

length, closure velocity and crowbar setting.

An equivalent circuit for MELBA [Pul83] with erected Marx and diode load is

shown in Figure 3.1. In addition to the physical components and lumped element values

for the primary current flow paths, the model includes parasitic elements as well: stray

capacitances, inherent inductance loops, and the effective Marx shunt impedance. These

values were determined by Pulse Sciences, Inc., for their Marx bank design proposal,

by a combination of measurements, empirical approximations, and analytical estimates.

A lumped element approach is valid when the shortest characteristic wavelengths of the

power pulse (fastest frequencies i.e. during the rise time), are much greater than the

3iaracteristic lengths (frequencies) of the device. This condition is satisfied for the

MELBA diode stalk dimensions and typical risetimes by slightly greater than a factor of

ten

-I ---- 5
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I
In addition to the Abramyan stage, (here represented by the elements subscripted

A and D), and the main Marx stage (subscripts M), Figure 3.1 displays several machine

features important in a discussion of the expeiment. The crowbar gap, a high pressu-e

I SF6 gap in parallel with the diode load, can be command triggered with preset time

delays. The crowbar is intended to limit the total energy delivered to the diode, after the

desired desired pulselength is obtained, by short circuiting the generator. When short

3 pulses were desired, the crowbar would be triggered before diode shorting. Due to the

rapid impedance collapse, crowbarred operation beyond 300-500 ns was difficult to

I obtain for the small gap experiments described in this thesis. In non-crowbarred shots

the diode was allowed to short circuit before the crowbar was command triggered. This

is the most common mode of operation used here. This mode maximized energy and

current densities incident on the anode and also allowed determination of the plasma

closure velocity. The diode load is represented by the stalk inductance LL, and a diode

Iimpedance RL(t) where allowance can be made for both time-dependent inductive and

3 resistive components. The time-dependent nature of the diode load is due to the

phenomenon of cathode plasma closure, which leads to decaying impedance, and other

phenomena which lead to changing impedance. The series (or ballast) resistance RS, is

intended to absorb the full generator energy in a crowbar or in the event of a diode short

I circuit. This resistance (2 - 4 ohms) does not have a great effect on the overall

performance of the device, as the characteristic impedance ( 2"/L / C ) of the Marx is

14 ohms. In Figure 3.1, the voltage monitor measures the accelerator voltage across the

3 tube capacitance, output filter, crowbar, and load, before the tube inductance. The final

feature that should be noted is the RC filter on the Marx output, necessary to limit the

I voltage peak during the initial risetime of the accelerator.

The MELBA equivalent circuit has been simulated using transient circuit analysis

codes. Codes which have been used are SCPETRE and various versions of SPICE

3 [Nag8 11. Figure 3.2 shows an early comparison [Gi1851 of theory and experiment for a

I 7
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Figure 3.2. Comparison of SPICE simulations of the MIELBA equivalent
circuit with experimental data for a resistive generator load.
The agreement is quite good, demonstrating that the circuit
model is satisfactory. Note also the effect of voltage
compensation. particularly in the beginning of the pulse.
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resistive diode load (performed by Joel Miller using SPICE). As can be seen, the

agreement is quite good, indicating that the lumped-element model is satisfactory; some

minor differences indicate that additional transmission line effects or parasitic elements

may need to be included for complete agreement. The generator short-circuit current

predicted by this mode: is about 65 kA from SPICE simulations, and this agrees with

peak experimental currents obtained after diode shorting for the short gap diodes. Some

of the circuit values have changed over time and components have failed and been

replaced. Good agreement of simulation and experiment depended on precise values.

3.1.2. Diode Configuration

The diode configuration used for the experiments is depicted in the cutaway view

of Figure 3.3 (not to exact scale). Refer to the letters in the figure in the description

which follows. The incident power pulse from the Marx travels to the right along a blunt

nosed cathode stalk (a) (radius = 5.5 cm) through the accelerator insulator and grading

ring stack (b). This cathode stalk is at the minimum electric field radius for the coaxial

cylindrical geometry. The cathode stalk is sprayed with Glyptal to aid in prevention of

breakdown (1201-A Red insulating Enamel, Glyptal Inc., Chelsea, MA ). According to

work on the prevention of high voltage breakdown at long pulselengths at Sandia

[San781, Glyptal gave very good results, preventing emission up to fields of 200 kV/cm.

Examination of the cathode stalk after a run showed that many emission sites were

visible along the entire length of the stalk, with a small melted aluminum spot (0.1 cm

diameter) visible where the Glyptal has pitted. These emission sites increased in number

and severity as the number of shots increased. Similar treatment of another cathode stalk

used for low current density experiments, revealed very few emission sites. The

differences could be due to the large amount of plasma formed in the diode region during

these experiments. This type of damage has been observed in other experiments where

3 anode participation has been

9
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I Figure 3.3. Cutaway view of primary diode configuration from above
showing Glyptal coated cathode stalk (a), diode insulating
stack (b), voltage monitor (c), aluminum or brass rod

I ca:hode (d), carbon anode surfaces (e),(f), transverse

... a, -ing windows (g), transverse viewing flange (h),
aluminum diode chamber (i), aluminum end flange 1 (j),
aluminum end flange 2 (k), 5 pancake magnetic field coils
(1), B-dot loop current diagnostic (in), Pearson coils (n),

current return path (o), insulating Teflon spacer (p), and

I diffusion pump port(q).

If
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observed [Gra85, Gra86]. Anode participation can lead to microparticle formation and

subsequent deterioration and poorer performance of the cathode on succeeding shots.

The experimental voltage monitor (c) measures the voltage from the cathode

i supporting plate (where the full machine voltage is applied) to ground across the

insulating stack. The rod cathodes (d) were made of brass or aluminum, with a radius, r

= 0.6 cm. Anode-cathode (AK) gaps for the short gap experiments ranged from 3.1 to

4.2 cm. This low aspect ratio diode design was chosen to increase the current density

over the early large gap experiments, but was intended to minimize the total current and

I rate of impedance collapse in an attempt to retain some ability to crowbar the pulses.

This was only moderately successful. An important consideration in the selection of the

cathode material was the choice of different materials for the anode and cathode, which

enabled spectroscopic identification of the sources of the diode plasma. In the early large

gap experiments, carbon brush or velvet was necessary to aid in field enhancement.

IDifferentiation between cathode and anode plasma light was difficult under these

3 conditions. The rod cathode has very high electric fields which aid in cathode turn-on.

A disadvantage to this design was that the geometry dependent effects on the diode

impedance were difficult to estimate analytically.

The anode (e)(f) was extended to allow the surface region of most intense

I electron bombardment to be observed through the transverse windows (g) mounted on

aluminum flange (h). Part (e) was Poco graphite HPD-1, part (f) Poco graphite AXF-

5Q (Poco Graphite Inc., Decatur, TX). The large graphite block (e) (17.8 cm diameter,

6 cm thick) was mounted on end flange (k). This assembly was removeable for

insertion of a light source to align the spectroscopic optics. In experiments described

i below in section 3.2.2, the solid anodes as shown in this figure, were modified to allow

the beam to be extracted through apertures for measurements of the beam dynamics. The

transverse viewing flange (h) was successful in reducing the amount of direct electron

3 flux incident on the transverse viewing windows (g).

I 11



1 The diode resides in an all aluminum chamber (i) (inner radius = 19.45 cm),

Qwhose side walls and end flanges (j),(k) are quite thick (0.8 cm and 2.54 cm

respectively). The conductivity and thickness of the diode chamber posed special

I problems in the design and fabrication of the pulsed magnetic field coils 0). Much of the

I data taken was without a magnetic field except where noted. Shown in the figure is a

coil configuration which will give a field in the AK gap region, uniform to 1% from DC

measurements. (Magnetic diffusion effects increase field uniformity over this value).

Other spatial configurations are possible due to the pancake nature of the coils and

I overhead adjustment rail. Different field strengths could be obtained using different

charging voltages on the capacitors, or using different timing delays between the bank

and Marx trigger. These coils had to be designed with enough inductance so that the

current pulse would be slow enough to allow magnetic field diffusion through the

chamber. A large inductance implies a larger coil resistance which will reduce the

percentage of capacitor bank energy that is converted to magnetic field energy. These

magnet design issues and bank details are more fully discussed in Appendix A.

The total cathode stalk current was measured with a B-dot loop (m) which

extended through the front flange of the Marx oil tank. The signal was integrated at the

Faraday cage with a nominally 20 gis integrator yielding a signal proportional to current.

I This B-dot loop responded to the time changing azimuthal field created by the current

* traveling along the cathode stalk and was calibrated in-situ with a current return path as

close as possible to the experimental one. The current from the diode which flows to the

front anode plate (tube return current) was measured using current transformers (n)

(Pearson Electronics 1 10A, Palo Alto, CA) placed on 4 azimuthally spaced, low-

inductance current return paths (o). These return paths were isolated by using insulated

bolts and a Teflon spacer (p). These 4 return paths were located 600 above and below

the two transverse viewing windows which were directly on the machine centerline.

Further details on the accelerator electrical diagnostics are given in section 3.2.1.

* 12



I
The diode chamber was evacuated by a roughing pump (typical hydrocarbon-

based pump oils) and a diffusion pump (silicon-based oils) through the port (q) , directly

below the cathode stalk in the figure. The diode pressure was always less than 104 torr

I before firing the Marx. Not shown in the figure are the x-ray monitor and x-ray pinhole

I camera which were used on occasion. These diagnostics were set up to view the end

flanges. The entire chamber except for the end flanges, was covered with 2 cm of lead

shielding. Line of sight from the end flange to the operator area was also well shielded

with lead bricks and sheets.

This diode configuration has been simulated using the code EGUN.

" The code is somewhat borderline in its usefulness for high current intense

beam diodes. If a great deal of care is taken to ensure convergence of the code, some

U quantitative results can be obtained In Figure 3.4, the initial cathode surface electric

field enhancement profile (no electron space charge) for the small gap diode is shown.

The units are kV/cm per kV applied to the cathode. The distance scale for the figure is

I 0.25 crn/mesh unit. The cathode surface will not field-emit for fields of = 100 kV/cm

and lower.

3.2. Diagnostics

I 3.2.1. Electrical Diagnostics

Interpretation of the electrical diagnostics form an important basis of the theory for

these experiments. As described in the introduction, the beam-plasma interaction is

taking place wihin the diode. The investigations are concerned primarily with the anode

plasma which is visible through the transverse viewing windows described above in

I section 3.1.2. The anode plasma which is formed has an effect on the impedance

evolution of the diode. However, the motion of the cathode plasma allows it to come

into view as well. In order to interpret the signals from the plasma diagnostics described

below, the electrical diagnostics can he used in conjunction with a suitable model of the

r e13
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diode impedance to predict the velocity of the cathode plasma,

and therefore when shorting can be expected to occur. In addition, understanding and

modeling the modification of the diode impedance evolution and stability (and thereby

the diode electrical signals) in response to the plasma formation is of interest in its own

L right.

The voltage monitor measured across the diode insulating stack, but before the

3 cathode stalk. The voltage correction due to inductive drop on the cathode stalk was

always less than 5% due to the slow risetimes and was therefore neglected. This voltage

monitor was a balanced, water solution (Cu2 SO 4 ) resistive divider which gave a factor

3 of 179:1 attenuation. A resistive divider using carbon resistors gave another factor of

88:1 with another factor of 10 introduced at the screen room. This gave a nominal

I attenuation of 160,000. Normally, the voltage was split for display on two scopes, and

terminated in 50 Q. In this case, actual external calibration of the voltage monitor gave

the factor 308 kVNolt.

3 The current flowing to the front anode plate (tube return current) was measured by

wide-band current transformers (Pearson Electronics 1 10A) on four isolated current

3 return paths which were summed at the Faraday cage using 50 Q RF power ferrite core

adders (Mini-Circuits ZSC2-2, Brooklyn, NY). The signal from each Pearson monitor

was attenuated by a factor of 100. These four signals were summed two at a time with

3 separate adders. These two signals were in turn summed with a third power adder.

Each adder introduced between 3.3 and 3.6 dB attenuation depending on the frequency

3 in the range 2 KHz to 60 MHz. The final signal was attenuated by another factor of 10,

before display on the scope (50 Q termination). The calibration of the entire combination

was 25.0 ± 0.7 mV/kA. Care must be taken in the use of these RF adders. When used

3 in the configuration for the Mirnov coil position monitors, extra 50 n terminators have

been added, which change the calibration to 12.4 ± 0.3 mv/kA.

I
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After shot M 1105, the total Marx current could also be measured by integrating

the signal from a calibrated B-dot loop The B-dot loop responds to the time-

3 changing azimuthal magnetic field due to the current flowing in the entire cathode stalk,

and is integrated to yield a signal proportional to current. This current is the principal

one of interest when comparison of generator performance with its equivalent circuit

3 performance is desired. The L/R risetime for this diagnostic was 7.0 ns, corresponding

to a bandwidth of 143 MHz, giving a much faster response than the above current

3diagnostic. In these experiments, the monitor shows very large fluctuations after 400-

600 ns which may be due to the presence of an instability in the diode, (duting which

time RF emission is also detected from the diode). As a result of these fluctuations, the

diode current is normally viewed with a 20 MHz scope input filter switched on to aid in

digitizing. The calibration factor for this diagnostic, when integrated by a 20.5 ps RCI
3.2.2. ParticleBeam DiagnosticsI

Cerenkox Convertor

To obtain a time-resolved photograph of the beam current density profile, a

Cerenkov plate diagnostic was used with a gated microchannel plate image intensifier

tube camera. Time-integrated photographs are obtained using an open shutter camera.

3 The experimental configuration is shown in Figure 3.5. Refer to this figure in the

discussion which follows. The anode configuration used allowed the beam to be

3 extracted through a carbon mask (normally Poco HPD- 1) with an array of apertures (b).

The values used for hole diameter, mask width, and drift distance, and the criteria

involved in selecting these properly are discussed below. This mask is placed in the the

U diode chamber (a) prior to putting on the large aluminum end flanges. The carbon mask

insert (10.2 cm diameter - a snug press fit, 0.7 cm thick) is pulled flush with the surface

3 of the extended carbon piece (also HPD- 1) (c) and screwed into place from behind. This
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Figure 3.5. Experimental configuration for beam dynamics
measurements showing the diode chamber (a), apertured
carbon beam mask anode insert (in position) (b), extended
carbon anode (c), Cerenkov plate-glass convertor (d), open
shutter camera position (e), lead shield (f), turning mirror
position for open shutter camera (g), turning mirror position
for gated camera (h), intensifier-tube gated camera (i),
telescope (j), lead bunker (k). Also shown is a view of a
typical mask.
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I procedure enabled spectroscopic optics to be aligned as well. (The screws are loosely

3 tthreaded to prevent cracking of the insert when thermal expansion occurs during the

pulses). These apertures caused no observable differences : diode behavior. A blowup

3of a typical mask is also shown in Figure 3.5. The masks had an aperture at the center,

and one or two rings of eight apertures at 2 and 4 cm radius, each aperture spaced 450

apart. The outer two rings were rotated 22.50 from each other so that the beamlet images

I would not overlap on the Cerenkov plate. The use of inserts allowed precise

determination of the amount of carbon lost by weighing with an analytical balance before

Iand after (keeping in mind that the majority of the erosion comes after the pulse in the arc)

Aiter entering the mask, the electrons drift until they strike a 2 cm thick plate glass. To

prevent the photography of diode plasma light, the side of the glass plate facing the mask

Iwas coated with a multiple layers (3-4) of Aerodag, a colloidal carbon spray (Aerodag

G, Acheson Colloids, Port Huron, MI), until it was opaque.

IBoth time-integrated and time-resolved pictures are taken of the beamlet images.

3Time-integrated pictures were obtained using an open-shutter camera (e), and a turning

mirror (g). No fogging of film was observed when the camera was shielded with one

3sheet of 0.3 cm thick lead (f). Type 57 Polaroid film was used with an f-stop of 22. No

exposure was obtained with type 55 P/N. Time-resolved pictures are taken with a image

I intensifier tube camera (i), developed using plans from NRL [Hau85]. The image was

3 also turned in a mirror (h), and expanded using a pair of lenses () as a telescope. The

camera was located in a completely enclosing lead bunker (k) (side wall thickness = 5

cm, top and bottom thickness = 0.6 cm) to shield the microchannel plate/intensifier tube

combination from x-rays, which would completely saturate the film. Other experimental

I details are the same as in previous discussions.

UThe gated camera consisted of a conventional Hasselblad single-lens-reflex camera

with 80-mm lens, (normally used with 8 mm extension tube), and a Polaroid film back.

3A gateable, proximity-focused, image intensifier tube is located between the camera and

film back.
11
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3Aperum Beam Detector/Faraday Cup

Two techniques were used to directly measure the particle (and plasma) currents

3entering the mask. A second isolated current return path was set up in place of the

Cerenkov plate, through which the mask beamlet return current was measured using a

Pearson coil. Since the area of the apertures is known, the averaged current density on

I the anode is approximately given by the total measured current divided by that area.

Some estimate should be made as to whether any of the current is being captured by the

3 mask apertures. To that end masks with very large apertures were used. Different

apertures patterns could be used to investigate the currents at different radii. This

implementation, proved to be quite noisy. A fast response time Faraday cup was also

I used in place of the isolated current return path. This Faraday cup was developed by

Smutek [Smu86] using plans of Pellinen's [Pel70]. The direct measurement of particle

3 current supplements the Cerenkov measurements.

3 3.2.3. Plasma Diagnostics

Diagnostics which concern the measurement of diode plarma properties are

3 discussed in this section. The principal diagnostic technique used for the largest portion

of this research was time-resolved plasma emission spectroscopy. A helium-neon laser

deflection diagnostic has also been used to obtain some qualitative plasma information.

Simple B-dot loops have been used to investigate diode RF emissions. A streak camera,

open shutter camera and a pin diode have been used to obtain further information about

* diode plasma visible optical emissions.

1 Ref,-r to Figure 3.6 and the following discussion for the experimental set up used

3 for spectroscopy. The optical emissions from the plasmas in the diode chamber (a) were

imaged with a !ens (b) (piano-convex, focal length = 25.4 cm) onto the entrance slit of a

I spc"iograph (c) via turning mirrors (d) and an initial collecting iens (e) (piano-convex,

focal length = 60 cm). The spectroscopic equipment was located in a lead faced Faraday

cage (f), necessitated by the x ray and electromagnetic noise environment associated with

3 19
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Figure 3.6. Experimental set up for spectroscopy, showing the diode
chamber (a), collecting lens (b), turning mirrors (c), imaging
lens (d), spectrograph (e), lead-faced Faraday cage (f), optical
multichannel analyzer (OMA) (g), and the photomultiplier tube(PMT) (h).
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pulsed power accelerators. The distance over which the optical signal was transported

Pwas about 13.5 m. There were two spectrographs available during different periods of

this research. Initially a 0.275 m monochrometer (Jarrell-Ash Monospec 27) was

coupled to a 1024 channel opdcal multichannel analyzer (OMA) (Tracor-Northern TN-

16500 series, with 6100 series detector head, and 6130-1 pulse driver) (g). This

configuration had maximum resolutions of about 0.7 and 1.4 A per channel depending

I on the grating used (600 grooves/mm or 1200 grooves/mm). In practice this meant the

system was able to resolve individual peaks when they were about 10 A or greater apart.

Although the individual peaks were often overlapping and identification was sometimes

3 difficult due to the many species present, a broad spectral emission overview of about

750 A or 1500 A could be obtained. A 1-m monochrometer was obtained later in the

3 investigations (Acton Research Corporation VM-510, Acton, MA). When coupled to the

OMA maximum resolutions of about 0.2 and 0.4 A per channel were possible,

depending on the grating used. Spectral widths of about 200 - 400 A were obtained. In

I addition to the use with the OMA, the Acton had a side port which was equipped with a

uv-sensitive photomultiplier tube (sodium salicylate coating on the entrance window)

(h).

The ability of the monochrometer to resolve individual peaks depended on the size

of the initia slit.. There was a tradeoff of spectrograph resolution versus total light

3 intensity detected. Particularly for the smaller gate widths of 200 ns, the smallest slit

widths were marginal as far as counts from detected light Typical slit widths used were

200 tim, although some spectra were taken as low as 80 Irn. The broad slits were often

adequate for temperature estimates, if peaks were adequately separated, whereas the

narrow slits were needed to perform density e timates from broadening. Tom Repetti

3 has done calculations and measurements of the spectral system response which show

that at 100 .m slit widths, a delta function spectral peak input (one of the Penray

I wavelength calibration lamps), will give about 5 channels width out (about 2 A), the
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minimum achievable. Any decrease in slit width below this results only in a loss of light

Iand little increase in resolution. In these experiments the spectral resolution was

3 dominated by the slit widths.

The OMA consisted of a 1024 channel, time-gateable, intensified, photodiode

3array OMA gates could be set with arbitrary delay relative to some starting time. Gate

widths as small as 100 ns could be obtained, however, in order to obtain higher signal to

I noise ratios, gate widths of 200-500 ns and larger were used. The gate-out monitor

from the pulse driver, was routinely displayed on an oscilloscope with the accelerator

voltage. Due to the rapid time-evolution of the processes in the diode, and the different

3 physical processes that occur, the time-resolving ability of the diagnostic is quite

important. Conclusions based on time-integrated spectra, or spectra obtained with long

I gates can be misleading. To correct for timing differences, the OMA gate is moved out

16 ns with respect to the voltage trace. a correction which is fairly unimportant for most

spectra obtained due to the long time scales of interest. This number is obtained by

comparing the delay of propagation for the electrical signal to the scope through 12.2 m

of cable at 0.66c (61 ns), and the delay of light propagation along the slightly longer

I optical path of 13.5 m at c (45 ns).

The optical system was calibrated for relative peak height intensity with a

calibrated irradiant standard, a tungsten filament lamp (Optronic Laboratories Inc.,

3 Model 245A, Orlando, Fla.). This accounted for the wavelength dependent response of

the chamber windows, optics, gratings, and OMA detector diodes. The lamp was placed

I in the diode chamber and so was used to simultaneously align and calibrate the optics.

This calibration was important for determination of temperatures from relative peak

heights. In the case of the Jarell-Ash spectrograph, this was because the region of the

3 spectra that was viewed was so wide, while for the case of ultraviolet spectroscopy with

the Acton, because the diode sensitivity fell off with decreasing wavelength. After two

I years of operation, the diodes on the right side of the detector array (higher wavelength,
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about the rightmost 100 channels) were discovered to have a reduced sensitivity by a

U Ifactor of two relative to the left side. Intensity calibration now became particularly

important. Spectral peaks of interest were positioned using the grating settings so that

they fell outside this region. Calibration had an effect on relative peak height ratios by as

3 much as a factor of 10 for widely spaced peaks in the ultraviolet. The detector diodes

were calibrated for wavelength using a krypton, mercury or neon, low pressure gas

I discharge lamp (Oriel, models 6031, 6035, 6032) depending on the wavelength region

being studied.

The optical axis for these experiments was typically aligned 0.1 cm off of the

anode face, directly at the diode axis (112.5 cm). The anodes (normally Poco graphite,

grade HPD- 1) were extended into the transverse window field of view so that it could be

observed directly across its face, at presumably the most dense part of the plasma. In

some early experiments, plasma could only be viewed about 2 cm off the anode face;

measurements gave very low intensity light emissions from principally molecular

3 components. Those early experiments also showed the importance of shielding the

window from incident electron flux, so as to avoid the increase in continuum due to

i Cerenkov radiation. As discussed above, in section 3.1.2, the windows are located in a

flange designed to shield them from the electron flux. The windows employed in the

earliest visible spectroscopy experiments were acrylic and had a cut off for transmission

3 below about 3800 A, which is readily apparent in those spectra. In spectroscopic

studies below this cutoff, quartz windows and lenses were used. See section 4.3 for a

I discussion of the optical system spatial sensitivity.

3
I
I
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He-Ne LAsr Deflection

A laser deflection technique was also used to study time-resolved diode plasma

behavior. This technique is sensitive to the index of refraction gradient of a fast-pulsed

plasma [En187], and can be used to obtain the line density at a particular axial location as

a function of time. Since the index of refraction of plasma is opposite in sign to that of

neutral material the overall composition can also be determined. Calculations show that

the sensitivity of this diagnostic compares very favorably with both schlieren

photography and holographic interferometry [En187].

The experimental configuration for the deflection diagnostic, is shown in Figure

j 3.7. Refer to that figure in the discussion which follows. The basis for the method is a

very fast differential amplifier circuit (b) connected to a photodiode quadrant detector

(Silicon Detector Corporation SD-380-23-21-051). Opposite pairs of quadrants are

shorted and the circuit is designed so that the output from the amplifiers is proportional

to the deflection of the laser beam (c) from an initial zero position. A 5 mW He-Ne laser

(Jodon FN-2SHP) is directed across the face of the extended carbon anode in the diode

chamber (a) at distances from 0.1-0.4 cm. The laser and circuit are mounted on

micrometers (d) to aid in zeroing the initial signal, for calibration, and for scanning

measurements in the axial direction. As setup for these experiments, the deflection is due

to axial gradients. Note that the diagnostic could also be setup to detect radial gradients.

To maximize sensitivity to the He-Ne laser beam, a He-Ne line filter is used. The beam

is diverted in a turning mirror (e) so that the photodiode detector is out of line of sight

I from the diode windows. The circuit was located a distance of about I - 1.5 m away

(distance measured along the laser path) from the center of the diode, in a lead bunker

(f) to shield the photodiode and active circuit elements from x-rays. A distance of about

3 3 m, gives the most sensitivity, which is a combination of total angular deflection and

laser power density incident on the photodiode quadrant detector.

I



Ia

Ib

Ie

/
d

II

I

I b
!d

I f g

I
Figure 3.7. Experimental configuration for He-Ne deflection showing the

diode chamber (a),fast differential amplification circuit (b), 5
mW He-Ne laser and beamn(c), micrometers (d),tumning
mirrors (e), lead wall (f), and ground shield for signal cable

I (g).

* 25



RE Dianic

The transverse windows allowed observation and measurement of the RF

emission escaping from the diode chamber. The cutoff frequency for the dimension

5 along the beam axis (1.27 cm) was 1.0 GHz, while for the long dimension transverse to

the beam axis (14.0 cm) was 10.1 GHz. The radiation was observed with B-dot loops.

The signals were either transported to an calibrated S-band microwave detection system

[Luc88] in a calibrated RG-8 cable or transported to the screen room in RG-58 and

displayed on an oscilloscope using a simple RF rectification circuit. The signals could

also be analyzed with a calibrated band pass analyzer circuit [Luc88] for frequencies
i below 400 MHz.

bo 4Miscellaneous 
Diagnostics

IAlso used for further diagnosis of the plasmas in the diode are a streak camera,

pin diodes and open shutter cameras. Further information about beam profile was

obtained from an x-ray pinhole camera.

II
I

I
I
I
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4.0 Experimental Results

4.1 Optical and Ultraviolet Spectroscopy of Electron

Beam Driven Plasmas

I
The plasma produced in the diode was investigated with emission spectroscopy as described in

i section 3.3.3 in both crowbarred and non-crowbarred shots in the ultra-violet (180 - 350 nm) and

visible (350 - 650 nm) region of the electromagnetic spectrum. Emission spectroscopy was also

performed on shots which had an applied axial magnetic field. Time resolved as well as time

integrated spectra were obtained. Through calibration studies it was determined that the region

approximately 2mm in front of the anode surface was observed. Note however that light from a

fcathode plasma could be reflected from the face of the anode and into the field of view of the

collection optics making it difficult to identify the origin of the plasma light. Line identification of

the collected emission spectra was made by comparing the observed lines to those tabulated by

Strignakov 1 for atomic emission and Pierce 2 for molecular species.

Time resolved emission spectroscopy of crowbarred shots before diode shorting had occured

I revealed emission from molecular carbon (the Swan and Deslandres systems) as well as CH, CII

(singly ionized carbon) and Hp (Figure 4.1). These species are typical components expected from

hydrocarbon impurity 'cracking' and may have originated from cathode or anode surface

impurities. The average charge state of the observed material is quite low, with much molecular

emission observed both before and after shorting. Figure 4.2 shows the resulting spectrum taken

during and after shorting. No cathode material (brass or aluminium) was ever detected for

i crowbarred shots. This may mean that the cathode and/or anode plasmas are formed primarily from

surface impurities, or that emission from the metal cathodes was not bright enough to be detected.

* •27
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I Figure 4.1 Data from a shot crowbarred before RF emission including the voltage with the OMA

gate and the spectra obtained with the OMA gate before diode shorting
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Figure 4.2 Data from a shot crowbarred before RF emission including the voltage with the OMA

I gate and the spectra obtained with the OMA gate during/afte diode shorting.
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(In general however, even small amounts of metal impurities result in very bright metal line

3 emission.)

p Spectra obtained during time integrated (0 - 2 Ps) wavelength scan of non-crowbarred shots

revealed bright emission from a highly ionized plasma, with charge states All, Al, AifI, AIIV,

3 CI, CH, Cm, and CIV over the range of 180 to 420 nm (Figure 4.3). Initially, time resolved

emission studies in the visible (360 nm to 600 nm) in time gates of one microsecond generally

resulted in negligible amounts of light produced in the first microsecond followed by a plasma

3 consisting of mainly CII and CIII which cools and recombines to form neutral carbon (Figures 4.4

and 4.5). A time resolved study of the ultra-violet region of the electromagnetic spectrum on the

I other hand indicated that CIV emission dominated during the first microsecond (Figure 4.6). The

CIV line at 252.9 nm first occurred at about 500 ns (diode shorting), peaked sharply between 750

and 900 ns and decayed rapidly in less than 200 ns. This line did not reappear as might be

expected if the plasma was ionized past CIV and cooled off later in time. As CIV diminished, CIII

and CII increased. Note that the appearance of CIV coincides with the appearances of voltage

N peaking and strong RF emissions (to be discussed in the following section) which signifies a

beam-plasma instability and more efficient coupling of beam energy to the plasma through

collective effects 3 or more probably due to RF enhanced ionization. 4

5A more careful time resolved study of the light emission in various wavelength regions was

performed and the results are summarized in Fi,ure 4.7. Figure 4.7a shows a comparison of the

I time behavior of the peak intensities of the CII line at 358.7 nm and 359.1 nm and the CM line at

3 360.9 nm. Figure 4.7b shows the time behavior of the Hot line at 653.2 nm and two CII lines at

657.6 nm and 658.1 nm. Figure 4.7c shows the time behavior of CI at 566.9 nm, CII at 564.8

nm, CII at 569.6 nm and CIV at 580.1 nm. Finally, Figure 4.7d shows the time behavior of CII

5 at 283.6 nm, CIII at 269.8 nm and CIV at 252.9 nm. The time points are plotted at the midpoints

of the nominally 200 ns wide OMA gates, and referenced to the start of the voltage pulse. Note

I that each of these data points were obtained with a single shot. Each figure was obtained with a

single run which used the same calibration and optics alignment. Depending upon the wavelength

regime, aluminum ions were not observed until after 800 - 1000 ns, which is long after predicted
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shorting times. In general, CH and H were observed immediately upon the application of the

3 voltage pulse, probably due to light reflected from the cathode off of the diode chamber walls.

CIII and CIV ions were not observed until approximately 400 ns at the onset of voltage peaking (to

I be discussed in the next section) and RF emission from the diode. Note that the hydrogen line

emission was observed at the beginning of the voltage pulse, again probably originating from

cathode plasma whose light was reflected into the field of view of the optics. The la intensity

was constant within a factor of two for the first 900 ns of the voltage pulse where at that point the

3 overall light output jumped by more than an order of magnitude and Kac was observed as an

3absorption peak in the very broad nearby CII line.

The line intensities of various carbon lines, ionization state CI through CIV obtained in a time

Istudy of the region 560 to 600 nm is shown in Figure 4.7c. Although CII emission is observed as

3early as 350 nm, emission from CIV does not start until about 450 ns, when it then rapidly

increases. Later in time, there appears to be an overall cooling of the plasma since the lintensities

3of the lower ionization states are increasing in intensity relative to the higher ionization states,

although the total overall optical emission did increase. Although the spectra show the coexistance

Iof highly ionized states of carbon and atomic hydrogen, the plasma may be quite large radially, and

the lower ionization states could be detected from a cooler plasma further out in radius, toward the

edge.

3From the observations of primarily hydrocarbons in the crowbarred shots, and the observation

3of CII and Hoa early in non-crowbarred shots, the most likely conclusion is that the emission

detected is due to impurities on the cathode and anode. According to the results of the laser

Ideflection diagnostic, discussed in the following section, the plasma observed during the period

3from 400 ns to 600 ns may be due to a fast, on-axis cathode plasma, streaming across the gap. As

mentioned earlier, the spectra obtained during this period (which also coincides with voltage

3peaking and RF emission) reveal a high average charge plasma, with the primary emission due to

CIV, CIII and from CII. There are two hyptheses as to the source of the high ionization state

Iplasma. The first is that a low effective charge plasma is being ionized by the large currents

3 41



obtained at shorting. However, these states would be expected to occur in the case of crowbarred

shots as well since the differences in total current between crowbarred and noncrowbarred shots

after shorting is only a factor of 2 to 6. The second hypothesis is that the high ionization states are

Idue to a beam-plasma instability or due to the interaction of the RF with the plasma. The exact

3 cause of the high ionization state plasma is still being investigated.

Temperature estimates can be obtained from time-resolved spectra obtained in the ultra-violet

wavelength regime, Figure 4.6, from a comparison of the line ratios observed with a Collisional

Radiative Equilibrium (CRE) code. 5 The two lines which have initially been used to estimate the

I temperature occured at 229.6 nm (CIII) and 252.5 and 253.0 (CIV). These lines were chosen

because they could be obtained using the same grating setting on a single shot and represented

persistent, intense lines. The results from the code have been given for the ratio of the expected

3 intensities of the sum of the two CIV peaks to the expected Cm line intensity for a range of

densities and temperatures. The calculations are shown in Figure 4.8. A time resolved study of

U these lines showed that the relative intensities did not change much with time and resulted in an

approximate temperature of 7 eV in the density range of 1016 to 1018 cm "3. Note that this

temperature did not change with the application of the magnetic field. This may be due to the fact

that these lines originate from some part of the plasma which undergoes equilibrium quickly or it

may mean that the population mechanisms of these lines is not dominated by the kinetics assumed

I in the CRE model but by some other physical mechanism such as cascade pumping by the

relativistic electrons.

The broadening of particular lines such as Ha can be used to estimate electron densities. Figure

1 4.9 shows the width of the I line at various times. The largest line width indicates an upper

density of 1017 cm- 3 . Note that line broadening can be produced by the free electron density of

the plasma and/or by the strong electric fields in the diode. The increase and decrease in the Ha

3 line may indicate different plasmas (cathode or anode) and different plasma regions which come

into the viewing area of the spectrograph. These data are currently being investigated in light of the

U HeNe deflection data.
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Figure 4.8 CRE code results for the ratio of line intensities for
the sum of two CIV peaks at 2530 and 2424 A, and
the line intensity for the CIII peak at 2296 A
[Whe88].
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Ultra-violet emission was observed during the presence of axial magnetic fields ranging from

500 to 920 Gauss, (Figure 4.10b). The spectra are similar to that observed without the magnetic

fields, with two exceptions. The first is that the overall light intensity was about a factor of 2

I higher than without the fields; the second is the presence of unidentified line emission between 255

to 265 nm. The line emission could be due to CII and CIII but the absence of lines in the same

Awa,, elength region originating from the same upper energy level is unexpected. The lines do not

match with those of known impurities, such as cathode metals or hydrocarbons. We are currently

investigating this unusual spectra.

In conclusion, emission spectra taken during the intial 400 ns period of the beam pulse, beforc

crowbarring or before the onset of RF emission in non-crowbarred shots showed a low effective

charge plasma with primarily molecular components as well as atomic hydrogen and singly ionized

3carbon. This is probably due to hydrocarbon compounds found on the surface of the electrodes.

After the first 400 ns in crowbarred shots, the spectra revealed a continuation of the low charge

state plasma. At time greater than 400 ns in non-crowbarred shots where voltage peaking

occurred, large amplitude RF emissions were detected at the same time that the spectra revealed a

high average charge plasma with most of the emission originating from CIV, CIM and to some

extent from CII. These highly charged states may be due to beam-plasma interactions or more

likely due to interactions between the RF field and the plasma. At times well after diode shorting,

the emission spectra revealed a cooling and recombining plasma. A comparison of the line

intensities of various species compared to the CRE theoretical model indicates temperatures of

about 7 eV. Emission observed during the application of axial magnetic fields was more intense

3 than that without fields, and exhibited some unidentified spectral lines. Although nonequilibrium

plasmas were generated in both the magnetized and unmagnetized cases, we are still analyzing data

to detu-mine whether a population inversion occurred.

i
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Figure 4. 10a Time resolved emission spectroscopy
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Figure 4. l Ob. Time resolved emission of plasmas
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I
4.2 Electron Beam Dynamics and Diode Plasma Physics

I The behavior of the cathode and anode plasmas in the electron beam diode have a major effect on

pthe electron beam energy deposition in the carbon plasma. Exteasive diagnostic experiments have

bcz~ pcrfc)rmed in erect to und-'st__d the plasma physics in the diode region of the MELBA

generator during the electron beam irradiation of carbon anodes.

The electrical characteristics of the MELBA accelerator driving the short gap, low aspect ratio

diode display 3 main types of behavior. The most prevalent type, occurring in over 95% of the

shots is referred to as "voltage peaking", an increase in the voltage after about 400 ns to 600 ns.

This voltage peaking phenomenon coincided in time with the generation of large levels of radio

frequencies and emission from highly ionized carbon. Figure 4.11 depicts the experimental data

for a typical shot. The voltage peaking behavior starts at about 500 ns in Figure 4.11 a, at which

time the effective gp roydel in 4.1 Id deviates from the experimental measurement. The B-dot

current (ID in Fig. 4.1 i b) and the tube return current (IA in Fig. 4.11 b, open circles) agree quite

well for the first 400 ns. The difference between ID and IA is the current flowing radially to the

walls of the diode chamber, and is displayed as IW in Figure 4.1 lb (closed circles). Befoi.

voltage peaking, differences of about + 0.4 kA are well within the experimental error for these two

diagnostics. Some of this current difference is due to stalk emission. After voltage peaking begins

,3 these two currents begin to disagree, (substantially at later times). Noticeable damage to the

glyptol cathode coating indicates cathode shank emission. These two currents are used to calculate

I two diode impedances: ZA- the anode impedance, and ZD- the total diode impedance. The diode

makes transitions through the Child-Langmuir phase, voltage peaking, then finally reaches a

nearly constant impedance of about 16-20 ohms before shorting.

The effective A-K gap is found by plotting a linear best fit to (l/P) 1/2 where P is the

experimental perveance (I/V3/2). The extrapolation of the linear portion of the previous quantity

3 gives a prediction of the diode shorting time or an implied closure velocity. We also define

apparent closure velocity from diagnostics which observe the cathode plasma (such as laser

deflection). Effective closure velocity is calculated from diagnostics which give an estimate of the

3 shorting tine (e.g. voltage shorting). Closure velocity data will be summarized later in this report.
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Figure 4.11. Data for 'voltage peaking' shot MI 131 including a) voltage, b) B-
dot (ID),tube return (IA) and wall (IW) currents, c) diode
impedances using ID and IA, d) closure analysis with OMA gate
showing regions of different behavior, e) carbon spectral line
emission during OMA gate.
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U
Figure 4.12 gives oscilloscope traces for a number of shots, showing the significant levels of

radio frequency and microwave emission which occurred primarily after the start of voltage
peaking. This RF was also seen as a current modulation on the unrlteed B-dot probe. This

I strong RF emission was correlated with emission from highly ionized carbon in the absence of a

I magnetic field. We discovered that the application of a magnetic field reduced the 1evel of RF, but

caused even higher intensity of optical emission, an effect which is not totally understood at this

time.

Temporally gated Cerenkov plate diagnostic data is shown in Figure 4. 13. It can be seen that,

Iduring the initial 50 ns (during Child-Langmuir phase), the electron beam pattern was well defined

3 on the Cerenkov plate. At 260 ns the beam appears to become nonuniform as if pinching or

filamenting. By 520 ns (during voltage peaking and RF emission) the beam apertures are no:

recognizable, indicating a beam-plasma instability. At later times the beam begins to exhibit well

formed beamlets on the outer edges.

The previous data can be related to the apertured beam monitor data shown in Figure 4.14.

Again, the initial CL phase of the electron beam pulse shows increasing current, however, after

about 200 ns the beam current shows a spikey nature that persists throughout the voltage peaking

and RF phase. This provides further evidence of an e-beam-plasma instability in the diode. In the

tail of the e-beam voltage pulse we see a low energy electron beam current which is effectively

filtered out by a 200 kV foil filter.

3 Laser deflection diagnostic data provided the most direct measurements of plasma in the diode

region. Typical data is depicted in Figure 4.15. Note that the data exhibits a positive deflection

3 followed by a negative one, then finally a second positive deflection late in time. In the

experimental configuration used, a positive deflection corresponds to net plasma gradients

increasing towards the cathode (henceforth denoted cathode plasma) or net neutral particle gradient

3 increasing towards the anode (hence anode neutral). A negative deflection corresponds to net

plasma gradient toward the anode (anode plasma) or a net neutral gradient toward the cathode

3 (cathode neutrals). Note that due to the relative contributions to the index of refraction this

diagnostic is 10 times as sensitive to plasmas as to neutrals. The interpretation of this diagnostic is

complicated by the fact that there may be two clumps of plasma (or neutrals) streaming in opposite
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Top: RF emission
Voltage (308 kV/div) Bottom: Current (16.1 kA/div)

(a) -!

(b)

(c)

(d)

Figure 4.12. RF data from voltage peaking shots with voltage on left,
RF emission and B-dot current monitor on right including
the following cases: 20 MHz filtered B-dot, voltage
peaking, no magnetic field (a), unfiltered B-dot, voltage
peaking, no magnetic field (b), unfiltered B-dot, non-
voltage-peaking, no magnetic field (c), unfiltered B-dot,
voltage peaking, magnetic field case (B -90 Gauss) (d).
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3 Top: Voltage: 154 kV/div
Bottom: Camea Gate Pictw

* (a)
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I U.
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(e)

Figure 4.13. A time-resolved Cerenkov plate photograph series
including: a) 50 ns, ND=2.0, b) 260 ns, ND = 2.2, c)
520 ns, ND = 1.5, d) 700 ns, ND = 1.0, e) 900 ns, ND =3 1.0, f) 1100 ns, ND = 1.0.
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I Top: RF emission
Top: Voltage (308 kV/div) Bottom: Apertured Beam Current

Bottom: Current (16.1 kA/div) Monitor (40 A/div)
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N directions. Without going into all the details of the interpretation, it should be noted that the

3 idealized picture in Figure 4.16 is consistent with the following physical explanation. The initial

peak is due to a rapidly expanding cathode plasma. The negative deflection should be due to

3 expanding anode plasma. The final positive excursion appears to be due to more dense late-time

cathode plasma. These interpretations have been verified by moving the position of the probe laser

beam away from the surface of the anode (from 0.1 cm to 0.4 cm) and noting the changes in the

timing of the various peaks. Thus, from the laser deflection diagnostic it appears that the initial

drop in the voltage (before voltage peaking) may be caused by on-axis A-K shorting from a fast

3 component of cathode plasma. However, the voltage peaks back up, possibly due to plasma

pinching or erosion, and an electron beam continues to be generated in a plasma filled dLodc

system. This may explain the beam plasma instability which was observed beginning at voltage

3 peaking. The experimental observations are summarized in Tables 4.1, 4.2, and 4.3.

I
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Top: Voltage (716 kV/div)
Bottom: He-Ne Deflection (0.27 mrad/div)

xb =eN 0.4 cm
200 ns/div

I
U
I
I ,

Figure 4.15. He-Ne deflection data with laser axis aligned on the
cathode centerline axis.

I

I Z IIT72

Figure 4.16. Idealized He-Ne deflection data, defining various times
and deflection values to be used in the analysis. TZl,
TZ2, and T3 are the three zero crossings of the signal.
841, "2, and 43, are the three peak values of thedeflections, occuring at times To I, T02, and T43.
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I 5.0 Theoretical Progress on Electron Beam-Induced

IEmission from Carbon Plasmas

We are concerned here with electron beam heated plasmas focusing on the CIV 5g-4f transition

occurring at 2530 Angstroms. These studies were performed to provide theoretical support for

experiments being conducted using the Michigan Electron Long-Pulse Beam

Accelerator(MELBA). 4 ,5 The theoretical model is discussed first to provide necessary

I background. Studies are then presented which identify two types of plasma response dependent

upon the heating rate. Finally implications of the general studies upon MELBA experiments are

discussed.

I
5.1 THEORETICAL MODELI

The CIV 2530 Angstroji line Itreha,,lu, c,,imnot be addressed by considering only the plasma

ionization dynamics (atomic physics). Heating and cooling rates are important and depend upon

the plasma macroscopic evolution and electron beam-plasma interactions. The complete theoretical

model consists of three coupled modules describing the plasma hydrodynamics, ionization

I dynamics, and electron beam-plasma interactions. Basic assumptions assume a one- dimensional

geometry, no externally applied electromagnetic fields, and an optically thin plasma. The three

modules are discussed below. Many theoretical models have been developed to describe plasma

macroscopic motion. The slightly modified one-fluid, two-temperature hydrodynamics equations

used have the formI
Dv 1 d X - U-v x u(1)
Dt x8-1 dx

?Du vA(p~ q) + v aAMOM (2)
Dt ax V at
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DE 
I

- (- P -(+ q)v + 0 + Ft +S S (3)

I
* DE _

-- =-P + ;-R S R- _
Dt i on~(4

I

I where the convective derivative is defined as

IDfI = f +U1 _q X8 - if(5

Dt t x8- dx

I
and v is the specific volume, u is the bulk fluid velocity, P is the total specific plasma pressure, Vol

is the plasma volume, AMOM is the momentum transferred in beam-plasma collisions, q is the

Von Neumann6 artificial viscosity, Rei the specific interspecies energy transfer, Eion is the specific

ionization energy, and R is the specific energy loss from line, recombination, and bremsstrahlung

I radiation. Also Ej is the specific thermal energy, Pj is the specific pressure, Qj is the specific

thermal conduction, and Sj is the specific external source or sink for species j which is eithe- i for

ions or e for electrons. The equations are described as slightly modified since the ionization energy

is not absorbed into the electron internal energy term of Equation (4). This isolates effects of the

ionization energy which represents a nonlinear coupling with the ionization dynamics model and

requires use of special numerical techniques. 7

I The second module is the ionization dynamics which uses a Collisional-Radiative Equilibrium

Model (CRE). The term equilibrium denotes neglect of the time derivative, thereby restricting the

model's validity to timing regimes where the plasma hydrodynamic time scale is longer than the

atomic relaxation time. The CRE model follows 104 quantum energy levels using 54 rate

equations of the formI
an1 _

=, Wn- Wln I  (6)

I 62



where nj is the population of quantum state j and Wij is the sum of the reaction rates representing

transitions from state i to j. CRE models generally require one rate equation per energy level, but

an averaging techniqne allows use of fewer equations than energy levels. 8 Atomic processes

included are collisional excitation and deexcitation, spontaneous emission, collisional ionization,

three body recombination, radiative recombination and dielectronic recombination. Rate

I coefficients were obtaiiied frrm the Naval Research Laboratory and the methods used to calculate

them are catalogued by Duston et al. 9 The energy level structure is that used by Thornhill et a]. 19

The third module describes both collisional and collective electron beam-plasma interactions.

Collisional processes are standard coulomb collisions and bremsstrahlung emission. Collisional

energy loss is described using a stopping power based upon a Fokker-Plank collision operator for

I a partially ionized plasma 1 1 and is given by

I nE)47nr 2 ET E oax(bi 0 0 b e2 2(7

where

a =ZlriZr'aOInV4 XZD I ZI

1 I T r

2' P2= r mL 1 Zc11±3)eV

and Eo is the electron rest mass energy, nb is the beam number density, ni is the plasma ion

number density, ET is the total beam electron energy, c is speed of light, IZ is the ionization energy

12, Tp is the plasma temperature, v is the speed of the beam electrons, and oxe is the modified
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I
coulomb logarithm which accounts for partial ionization effects. Comparison of collisional to

bremsstrahlung energy loss reveals that in carbon bremssrahlung is negligible for electron energies

below 29 MeV.

I Collective processes are difficult to model due to their inherent nonlinear nature. The primary

concerns here are identification of possible processes, time required for saturation, and the amount

of energy transferred. The first two questions are addressed using an instability classification

developed by Lau 13 which assumes a field free plasma and neglects beam electron self collisions.

This classification utilizes the beam-plasma electron den ;ity ratio and relativistic

I measures of beam energy to divide the instability phase space into five domains. Each domain

gives a critical wave number, frequency, and growth rate for the collective processes it

encompasses.

The classification is used to identify which Instabilities may occur. The critical wavelength

yields a critical plasma size wh"2h is compared to the actual plasma size to determine occurrence.

Growth rates indicate how quickly the instability saturates and affects the energy transfer.

I Simulations show that saturation occurs on time scales much shorter than the plasma

hydrodynamic time scale, thus the plasma perceives saturation as instantaneous. The final question

is how much energy is transferred through the collective interaction. This parameter is difficult to

v.stimate, bUL u" " bhow the maximum transfer is thi-ty percent of the beam energy. 14 , 15 TheI
model requires user specification of this percentage.

Equation of state definitions and transport laws complete the theoreiic.l model and provide the

coupling between modules. The plasma electron and ion number densities are coupled using an

effective charge model. Thermal energies and pressures are calculated using the ideal gas law.

The ionization dynamics model yields energy level populations necessary to calculate the ionization

energy and the power lost through radiation. Fourier's law describes thermal conduction using

Braginkii's 16 thermal conductivities and interspecies energy transfer is rhodelled using the Spitzer

collision frequency. 17

I
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I
5.2 GENERAL PARAMETER STUDIES

We first must decide exactly what parameter regime we desire to study, since the theoretical model

allows variations in both plasma and beam parameters. We are primarily concerned with plasma

response to the energy source nature. By nature we do not mean if the energy is transferred

through collective or collisional processes since it turns out that collective processes always occur

in the systems studied. Instead nature here refers to variations in beam parameters such as power

I density.

Figure i gives the problem geometry and the plasma initial conditions. The parameter studies

use a square pulse, I MeV beam with power density and pulse length varied to maintain a

consistent time integrated energy transfer. Instability strengths are set at low values to gu.-

against unrealistic energy transfers.I
I

Plasma Electron
Beam

Initial Conditions 4- -

5 Ion Number Density-5E16 cm3 4

Temperature-0.3 eV 4

I 4-
1cm 3 cm X-AxisI

Eiurl1. General simulation geometry and initial plasma conditions.

I
I
I
I
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3 Explanation of a few concepts is useful before examining the results. Two figures per simulation

are given, one giving the energy partitioning and the other the CV 2530 Angstrom line evolution.

The energy partitioning readily clarifies where the deposited energy goes. Recall that first phase of

our objective is to heat the plasma to temperatures where CV is the domnant ion species.

Therefore during heating we want to maximize the internal energy which is proportional to the

plasma temperature. The second phase is plasma cooling which induces recombination reactions,

hopefully populating the CIV 5g level faster than it can decay, thus producing a population

inversion. During this phase we desire to quickly minimize internal energy.

The CIV 2530 Angstrom line evolution directly measures our success. The peak present during

beam heating results from the plasma heating to temperatures where CIV is the dominant ion

species.The peak after the beam pulse is from plasma cooling and the subsequent CV-free electron

recombination reactions.

Studies examining energy transfer effects rate reveal two distinct plasma behaviors labeled Type

A and Type B. Type A behavior occurs for "slow" heating rates and is illustrated by Figures 2 and

3. The Type A plasma converts most of the deposited energy into radiation thus experiencing little

heating. This is not necessarily undesirable if the radiation is the type desired. Figure 3 shows an

ionization peak late in the beam pulse and a recombination peak shortly after pulse ends. This is a

desirable behavior but the intensity is fairly low, approximately an order of magnitude lower than

T ,,pe B response. The low intensity results from nonuniform plasma heating with only the plasma

edges heating to temperatures where CIV and CV is expected.

Type B response occurs for "fast" heating rates and is illustrated by Figures 4 and 5. Type B

plasmas effently convert deposited energy into internal energy resulting in high plasma

temperatures. The plasma then cools "hrough radiation and expansion. The CIV 2530 Angstrom

line exhibits a sharp ionization peak with recombination creating continuum rather than a peak.

The intensity is approximately an order of magnitude greater than in a Type A response. The Type

B pla,,rma exhibits uniform heating with cooler edges due to expansion.
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Figu.e2. Type A energy partitioning in a 2 cm long plasma of ion number
density 5xl01 6 cm " 3 heated by 1.0 MeV, 106 Watt/cm2 electron beam

transferring of 3% of the beam energy for 300 nanoseconds.
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Figure 3. Type A CIV 2530 A line emisssion in a 2 cra long plasma of
ion number density 5xI016 cm"3 heated by 1.0 MeV, 106 Watt/cm 2 ,
electron beam urnsferring of 3% of the beam energy to the plasma for 300
nnoseconds.
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The two different responses are explained by examining the radiative power variation with plasma

density and temperature calculated with CRE model and given h, Figure 6. There are two

important trends to note. The fust involves the temperature behavior of the radiated power, which

I peaks at approximately 8 eV. This peak represents a barrier which the plasma must "bum through"

j to efficiently convert deposited energy into forms other than radiative emission. The second is that

the barrier height depends upon the ion number density. Thus for a given energy source, it is

easier to burn through the barrier at lower number densities. Keep in mind during the following

discussion that the time integrated total energy supplied to the plasma is the same in each case, only

I the rate varies. Also note that the plasma can only radiate away a certain amount of energy, any

energy supplied in excess of this limit is converted into other forms such as intcrnal energy.

The Type A response occurs in conjunction with "slow" heating rates which supply small

amounts of energy over a long times. The energy supplied at any one time is only slightly greater

than the radiative emission barrier height, therefore the plasma slowly bums through the barrier.

Expansion produces lower ion densities at the plasma edges resulting in a lower barrier height and

3 faster burn through. Thus the plasma edges reach higher temperatures than the center.

The Ty pe B response occurs during "fast" heating rates where large amounts of energy are

I supplied very quickly. The amount of energy exceeding the radiative emission barrier height is

very large allowing rapid increase of the internal energy and quick barrier bum through. The

heating is uniform since little expansion occurs during the short beam pulse and the entire plasma

burns through the barrier at approximately the same rate.

The heating rate may induce different plasma responses, with hotter plasmas arising from faster

heating rates. The differentiation between "fast" or "slow" heating rates is determined by how

quickly the energy source allows plasma burn through of the radiative emission barrier. Cooling

rate effects were not investigated but faster cooling should result in sharper recombination peaks

and shortening of the continuum produced by Type B plasmas.

I
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FigureA. Type B energy partitioning in a 2 cm long plasma of ion number
density 5xlO16 cm " 3 heated by 1.0 MeV, 5x10 6 Watt/cm 2 electron beamI transferring of 3% of the beam energy for 60 nanoseconds.
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I Figreu7. Typical energy partitioning for a MELBA electron beam-plasnma
system. This system had an initial ion density of Ui1017 cm"3 and an
instability sength of 1%. Beam pulse ends at 717 nanoseconds.
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5.3 MELBA IMPLICATIONS

It was mentioned earlier that these studies were originally initiated to provide theoretical support for

NMELBA experiments. These experiments recently studied CIV 2530 Angstrom time behavior.

Experimental observations indicate that the line coincides electron beam presence, disappearing

I shortly after the beam turns off. 18 It should be noted that the lines evolution is not continuously

observed, but is deduced from time integrated spectra taken at various times during experimental

runs. The integration window varies from 50 to 100 nanoseconds yielding a general picture of the

5 exact behavior. Bulk plasma temperature estimates are under 10 eV.4 ,5

The expected temperature regime coupled with the quick 2530 Angstrom line disappearance at

I pulse ending indicate that MELBA could be inducing a Type A plasma response. The model was

used to simulate typical MELBA runs and results are given for a plasma density of 5x10 17 cm 3

and a one percent instability. Simulation of MELBA is a complex undertaking and details are given

elsewhere. 
19

Simulations confirm that MELBA may indeed induce a predominantly Type A response. The

I evolution is interesting in that initial behavior is Type B with the internal energy growing faster

than the radiative losses as shown in Figure 7. This initial behavior is dominated by the outer

edges burning through the radiative emission barrier while the bulk of the plasma remains so cold

that it has not begun to emit significant radiation. The Type A response becomes evident as the

bulk plasma begins to heat and the radiative energy grows while the internal energy decreases.

I
I
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I
The CIV 2530 Angstrom emission is given in Figure 8. The first peak is an ionization peak

produced by the plasma edge heating past the CIV dominance threshold temperature. The second

SI is not actually a peak, but instead is an increase in CIV emission from the bulk plasma interrupting

the beam pulse ending. The emission essentially disappears after the pulse ends. The low level

continuum after 717 nanoseconds results from recombination in the plasma edges. It corresponds

to the Type B behavior the plasma edge was previously noted as exhibiting.
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Spectroscopic Study of Anode Plasmas in a
Microsecond Electron Beam Diode

N1. 1. CUNEO. sit I-s. VIMBIR. , R. M. GILGENBACH, SAit -MBR, IlF, AND

M. L BRAKE, M1|5MB1R, IFFi

ib.stract--Experiments have been performed to investigate the visi- Long-pulse applications include gas or plasma laser ex-
hie emissions (370-600 nn) from long-pulse electron-beam-drisen car- citation, high-power microwave generation. and free-
bon anode plasmas, and to correlate the spectroscopic evidence for ions electron lasers. In both pulselength regimes, cathode
wijth deviations of the diode current and voltage fromt Child-Langmuir
behavior. Electron beams had peak voltages of -0.8 MV. current den- plasma closure in exnlosive-emission cold-cathode diodes
sities approaching 10' :Acm", and pulselengths of about 1 us. Diode typically limits electron beam pulselengths and total dc-
closure resulted in three phases of the beam/plasma evolution. In stage livered beam energy. At large doses, however, anodc
I the deposited electron dose %as smaller than that required for anode plasma formation can also limit the pulselength, nodify
plasma optical emission ( _<250 J/gr). No dev iations of the diode op- the impedance and stability of the diode, and affect the
eration from conventional Child-Langmuir scaling "ere observed. In

stage It, the electron dose ssas large enough for anode plasma forma- generator-to-diode power coupling.
tion before shorting 1 -2350 J, gr). and loo-intensiv optical emission This paper addresses the role of anode plasma in mi-
sas primarily from (ill and ('II1. During stage II, tsso types of non- crosecond diode physics by correlating spectroscopic cvi-
'hild-I.angmuir diode behasior occurred due to the presence of an dence for ions with changes in the diode electrical behav-

anode plasma. An anomalous voltage peaking behavior occurred at an ior. We have performed time-resolved visible (370-600
average dose of 74) JIgr, at about 80 percent of the diode shorting
time. Ihe diode impedance Noas constant during this voltage peaking nm ) spectroscopic emission measurements at the surface

behasior, contrary to the impedance collapse expected from Child- of a carbon anode in a long-pulse ( -its ) diode. These
I.angmuir behavior in a closing diode. This voltage peaking was ac- experiments were motivated by a previous experimental
c'.mpanied b. an increase in continuum emission, particularly at study [I] which showed two types of non-Child-Lang-
shorter ssavelengths. A bipolar impedance level was occasionallv ob- muir behavior in a microsecond diode with
served before voltage peaking, at an average dose of 41 J/gr, at about large anode-

66 percent of the predicted shorting tone. During stage III, an intense cathode (A-K) gaps (8-10 cm). In the first, the current
sacuum arc mode, the cathode plasma shorted the anode-cathode (A- showed enhancements consistent with bipolar [2] effects.
K) gap, resulting in intense optical emission from CI through CIV on while in the second, the rate of current rise was extremel.
noncro,.barred pulses, and from CII (', (H. and It on cro-;barred rapid and the late-time voltage ( 2!600 ns ) increased
pluts. anomalously. The second type occurred much more frc-

quently than the first. Ion effects in the diode were in-
I. I[iRfluttTioN ferred from current modeling. In those experiments ener-N ,TUMEROUS researchers have investigatcd the phys- gies of up to 1.5 x 104 j were delivered to the anode

eits of cathode and anode plasma,, in intense electron before shorting at modest current densities (less than 20
beam diodes. An understanding of both cathode and an- A/cm2 initially), yielding doses less than 100 J/gr. Pos-
ode plasnas is crucial in achieving tie efficient conver- s'ble sources of ions were intense vacuum arc anode phe-
sion lo stored cnerg.s into well-characterized electron nomena 131, 141 as well as impact ionization of the resid-
heams. Short pulsed beams I -S few 100 ns) have t ypi- ual background gas 151, both particularly important for
,:ally been usCd in applications such as flash X-ray gen- the long pulselengths otained (2.5-4 tts). Thus, in this
cration or ICF. wohcre high peak powers and electron cur- previous work, the presence of ions was strongly su-
rent densities are desired. Long-pulse beams ( T from a peted but not experimentally verified.
tcw hundred nanoseconds to a few microseconds) are gen- The present experiments were pertorined with higher
crall. used for applications where total delivered energy, current densities (initially - 100 A/ctrn ) at intermediate

,!ke!cneth. and , Ita'c flatness arc critical factors. A -K gaps ( 3-4 cm ) anddelivered energies typically be-

tween 4 x 10' and 7 x 10o J to the anode before shortiTri
tril, rt .c i irniirN I \ , 5 j Se. I I 0)x I i %N srk

. ' r, I-_ .,t , 2 .(I hd l . !r (losure of the A-K gap resulted in late-tim e current den-
5, l,; I. : .. , t\1 F ( Iq , , . , I h, :11' i)Cpmi sitics approaching 10' A/em , w, ith total doses on the or

.W~r =l ' , Io.,ll [it I (;fo sl R -tIl dlHm pan ,t h, H,,, der of 10' J igr by the end of' the electron pulse.
I ,. ,, CJ ', ir I 11 Ii nilh ,.ii d,, Ii , ii. 'r r, Several investioators hl c perform ed 'omnprehensisc,.}.g4 lL.H ' )<' -~ i!<%H 3 .5Cg ,' " r ,iut .l th r)F. .,ii I t] ~i c e

. . . . , experimental :studies of electron diode plasmas and clk'
1. F I, r I " t r lit;.!: In'lcr tI. ini I ,h', rat., r sUre in the short-pulse regime. Cathode pl ;in as ha\c becti

..... . ... , " . I l ... t..... n ,.... studied using em pirical modeling of clOsurc 161 I . i

I . " . - '.... tcrferotnetr 171, .81, and tin c rc,,olvcd .pcctrosc(p\ I -
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IV. SUMMARY ANt) CONCLU.(SIO)NS

-. No anlode plasma light was detected in any electron

- - beam pulse when the OMA was gated well before pre- I
- dicted shorting, ar~d during the portions of the ouke whdere

viations from Child-Langmuir scaling were observed

(stage 1). We observed low-intensity emission from car-
bon ions (CII and CIII) when the OMA gate occurred dur-
ing portions of the electron beam pulse when the dose
was greater than 350 J/gr, but before predicted shorting
(stage 11). The doses required for the formiation of anode

a plasma in these experiments were consistent with those
- found in previous work, corresponding to an outgassing

*anode. The spectroscopic emission observed in these ex- I
periments was consistent with hydrocarbon surface im-
purities introduced by the diffusion pump, Ionized out-

2,H gassed anode components, bnd cool-cathode plasa
- = . -. constituents (which are primariiy hydrocarbons [81).

Due to the presence of ions, two types of non-Child-

__. . . . . . . . . . . . ..I Langm uir beiiavior were observed. On a large fraction OfI
36 14 404) 440 461 48 0I0 the noncrowbarred shots the voltage displayed a peaking

nanhoincter, behavior late in ti me. This occurred at about 740 J,/gr at
12- spora Ir'm thrcc noncrtwharred shot, in %O.ich the 0).10 'aN about 80 percent of the predicted shorting time. The diode

i,, t tOfer hwinme (a) 0J4A gaite 1,0-2 0 i s, predicted '.hortiri: tim
100 n ih) WA gale 2 1 3 1 As pred ':ted shorting uri impedance during the peaking behavior was constant, and
,iIM, A .Lat 0 -4 1 us, predicted 'h,,r tinic- mo n00.i was not consistent with Child-Langmuir or bipolar levels.

In some noncrowbarred shots an impedance consistent
with bipolar cur-rent enhancement was observed befr I

I he error estimate was based on the L ncertainties in tran- voltage peaking. This occurred at doses of about 4 10 J /gr
'.ition probability and peak intensity1. The electron tern- at about 66 percent of the predicted shorting time. There

perature appears Z) be constant with tuie for the first - 1. w ere two different types of spectra observed, correspond- I
us After shooting. within experimental error: at a later time ing to different voltage behavior. Thc spectra obtained
the temperature has diecreased. when gating the OMA during the voltage peaking behav-

[ Ihe cectr-nic temperature may equal the electron item- ior had continuum emission l~oaking at shorter \,kaye-
peratUre if the free electrons arc in equilibrium wAithj the lengths. The spectra obtained when the OMNA eate c-
h;lund (radiating) electrons. To e xactlv determine the cu rred durini- normial voltage behavior or ,I i,-ht voltage
"qiiilih-riuit nature of our plasmna would require at detailed pcak,.g displayed a lowekr Intensity uniform ConltinullitI.

i (Id(f all the possible kinetic mechanisms,. it is 1 i11 Further study : eurdt eenm h -ic(tti
pl)iaint to note. howecver, that in our experiments,. hei \voltage peaking mode,11. and to explain these other tea-

mono teolpeniture oft ('11 and the elctroic teipera I u res
tf, ('1I1 ckrc equal %kthin e xperiment, crrr0 if tr the When the 010MA wvas _,ated dulii or ifter predtictd
-rt I i, '. ,%ii 'nialing *'K. t -5 t1 i oli She sh in I ug l'.\ l, 1(IIrd Iu ls

t n t I X t -l . vj i n c d. k a o u e t i l -l i l a - l .t geII I. IA I s O tIl s ill V- i1 i e ,l' . k~ it t h e
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Temporally Resolved Spectroscopy of Laser-Induced
Carbon Ablation Plasmas

\1 I. Hk \IK1 v \11 WOi ku II I, J. N~IACHL M. R. MI (1ll.(1ENBA(H. -,i it R ii t ii

\\I) W. TlHORNHIILL

h,-i I~tip.raiik re'oI (1 euission spectra 03(t-030tn) 11 t' "uilts if' the plasmna is dense enough for LTIE to be %alid
o a :),n i li ts, il s I p rtoilollVoldureateIrar than approh it25tisiatelvr tan))prcina dependingepeni upono

dEiraiin I -I riuht laser pulse are pres~enterd. 'Ihe emitted line railiatimi
ru-inates trmti ( to, ( dependiwu, upoin the timec reliti~u i the plasmna conditions,). The corona model 161i on the other

Liser pil,. Pta.in ilmpuraiijres ofl 12- 14 v\ durinL the laser pulse t~l hand include,, a halance het~ceu collisi1onal iont/ation and
alost 4 cA 1411i s, Aiite the laser pulse are obtained h.% comparing the radiative recotmbination. This m~odel 1ts used to describe
IsIoe s*. k.,pa el- to, a coliional-radiatoe ctiilibriuoi (URF i isde) lok density plasias (less (hanl about 101 cmC sk here
M14ih hridtes thet ap hetueevr the loscal thtrniod.\nainis. equilibrium atoitn-atoinl collisions are neeli-cible. V Itortunatelr. nians

It ide itul ttetortia moel.laser-produced plasmnas fall betxs leu the reclons o) 5alidl-

It% for the corona moldel and 1, E. In 11his Paper the speco-
IN Is, hI ltI1(\ trou'copic resuils a re compared Ito a comprehenrsis e colli-

SI k 1 \( -, ahltii i plasias has c an littportatl role iti siOnal-radiatis, e eq IIithrmum (CR E) M oudel ss ich describelis

01C~ M.u IlL Lsr eneres' ito materials in aipplica- plastmas not cos credI h\ the corona model or IE.
tions 'Lclh 1s ii\hmn. cldt g, and hole boring Il1l.
SuJh pI11ism, h".s e, lso beeni citplo\ ed as, the using ruIe- FI. I'i RistiI. I \1 0i)% ;,i. R \t 1iN
Jiuni In s-' \risi, Iic se e pen its 12]. In all of' theseo
aipplItion, lie ttup11otal es olut ito the ablation plastvui The espertuiental s\ stemi is depicted schetnaticallo, in

par cuki ,i du.a Spec) ritscop\ provides Lin Ideal Ii .\ I-I- Q-ss icliehd rubs laser s~as incident on a raph-
tinii11s isis e pI1i1it1a diauostic tnt the harsh ens roniliett ite t,1rget located it) anl evoacu.ated I10 -1 torrn chamber.
ol itnense~ lser plastlia iInteractiotis. This elimated comiplications due to tair breadown in the

In Ii i piper e 'c nplt a s pectrog!raph coupIld to a voici niiv of' the laser focal spot. A calorimeter tneasuredl
eaedopicl iltehnul nlseri~ljjinorerto te asr r Ng while a p- i-n diode mionitored the pulse

hta ii tetlit il rest i kld pt cal spectra of laser- in shape. These mea.surements \ ielded a ruby laser incident
Jucd alant lasnas lhi isittcotirat t tust re- enrevN (onl tairiet I of' about I J in a 2'5-us, lull-wlsidth-at-

JUI s -pee I11 et 1X I\ meas I enet 131r,, (-it s t pre l a alfm\inun(FHN1 us The laser woas focused by

hecn tue iterai on Itens, li shots. as rcorded oin lilit. a 25-c m fo(cal lengthI lens to the spot size of* 300 jotn.

sic thecie to the, ()\I.\ eIn he noed b,, lM us rela- Thec target was at 0.9- :us 0.9- by t).238-cri-thick block
ii' ho tho lie: INe t upltssec ills, the: tettiptral es is) of P( C() eruphite Hy~pe DFP-2). positi(oned .such that the

kiw o the ripidix sar> ing ablatioin Plasmta. laser wkas incident perpendicular to the surface. The
I suidlo. i,, Ie ',I and 141) i lasr-produkcd plasis, are graphitc target Was tMounted at the end of a lucite rod In"

!ces,_ri bed hs he mottt~ n del tur bs the I teal thertttodv- the ,,aenuIn chamber. The spectroscopic slostemn voiekoed

nai,ittic tuniihriutt nwII I itidlItt the 1,1 i[E LIC model 1the laser ablation pfastua at 90 f'romi the incident laser.

1, 1,,IIIClthul the istribu11,11tiof populationl denisities. Ablatin plastina light was naeotohenrncst
,the chltrois is kicitrinu h,, pairti,:c collision pro- 0Iif a0.275-ut1 spectrogr"aph wh.1ich sscoupled to at 11)24-

. csc\sher i ~ih I, hee i thali ned h its i us erse col cletmetnt OM A.V Ts~ o era is s I ere used in thle specclr,
iT1,1IpIt.Cl I lie lit inhiition lt poptilalitutlonities, oraph. thle first had 1200 u innit bfa/ed at 400(- and 7(1-

eleirt Icr' eels iS th Oa,,e as, 1 the lesels oere unit1 disersion oxer the dfetctior arrar length. and the see-

1'. iinu IIceIuilii[li Ill- 11. 11t)iod Canl eas- solid had 600 ko-/uit bla/ed at 45))- and 14011nu1 fisper-

11. 21%c te ipelaire itittitii t rlti sprrtepc re- oon. Due to the iitIed lieht ititenisit,, and thle limit1s oit
lie plse genrirao; Mu Ich produLcedI the Ueate1 u~sed h\ the
)\IA thel ittitittutin gatessKh dlsas abhout 5i) us. iHuuuo -

-. -- tt . . ' es r. bs delay inrg thega in 10-ns interloals. tittie-re
. ... ~ 05 .~ .e oked spcta sre ob-tained. A sitiall hleht bulb 13-tutu

k, a- II P ',I \t 'itaititr) ~i used to align the spectrooseop\ optics, Thus1

S I . .. ,, 'S- ->-'*-. OL' sp1ctra killers: obtutirtd fromt light etiitufe tbmut I
si)tinu the tar Iet surface (Mu hch ,kxas its, close is skc

I [ .ci ni i place the lulamitt 1'. umr small jilt g tititent Iliht blb1

(ItiP I -1 020 (A1)-1FI5() IIIf I 057 11.1±
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trin klensit twil , pectro,,copic tlleajsttremnltt. unlike the
I V \1' 1, 1 %,,sshere the Saia equtIon1I catl lead too electron kiensit%

[11'(1 h;;l, 'Iictli' I)CI too;x2 :ben: dt!x t1hC est11IMtiateh% cmilltti r nntensttte of lines reulInej tromlIlc) ic r d o d pa ll, id lii u ~~u il1)I/ i l" ic l l ~C IIcI \ 1il n



"6 ~~~ilt IK\\5 \, ~s N ' \s I (i - \i I'S No* I4 I I jOL \KN LQX7

iiave len3trl Tro niIt 1on \S (

5 .45 173 r 3spi- S-

~5 t, 9 b % 3s 
4

i" - C

-<1 3o 2_ _ _ __ X

2 X! AI

T il! 14 1 he\~ U.d A 5 -J rulbs laser- [ith a pulsCV, nith of

Ius) io prolduce ablaJTI pls mas t -roil polk eth\ lene. A,- I i xIircc \cl- iinImni~spla ifiv ttc .m'mnirsm s q'~o

sllnvL 1 IVL eoiiditiin the\ estimated their electroni il >iiisin I slhioC 11"kI N~ .5 ,fhwka owiiaionnr lrTIOi.

dciisit\ io) he aLl t III to ) 0 c~ii I -iii asv~a\ in~ roni11 'IlI'a

their tarct uwine absolute intelisil, measuremnrts. Since icsiru '1 1, s.mncmi

olur laser pulseI s a, Much less, enecreetic than their puilse.U
\\ cet uaITI.te that (Lru rclectronI densits 1 Ism L11 :C,'. hall is, the sum of' the reaction rates represenlting, the atomiic

10 II cm and thai1 ITF is, not valid tor our results. processes tkir transition,, f'rom state j to i. The rate coel-
1o ill the \mod betss cci the predoiminantly collisional icients C ,s were obtained from the Naval Research L.,h-

l.iFE niwdcl and hei cotrona model. ihc collislinal-radia- ,ratkir\ data base. T[he processes and metho11ds Used to
tisl c r0ICIl .as dicx lo~ped 1-71. The CR F miodel is a corn - calculate the rate coefficients have been prev iously doe-
pre herisitye Hr dcl t hat can accommoilii date lower densltx u mented by [)ustoin ' al. 191. It is assumed that theeqi- I
nI \~r. ssshere radIaIti 5 e eflects becomec sig2nificant in de- I b iunlature of* the CRE model is valid t*or this experi-

terimnine, the IMn p1,puktions. a,,s eclI a,, account 10or the ment : i.e.. the left-hand side of' ( I) is at Set eq~ual to /ero,

ira usitious too hicr denits IJfE con'ditions. Thle csseil This, assum~ption is justiflied biecause the livdr-odvnianic
ti L i ttereuce cts cu\cc this, and the coronal moIdel is, thal tic mecalies estimated f'rom the tine-resolved emission

Jar~slil deuIts . 1\inI-IcSes, the collisional proicesses, be- petasuisae]n n comparison to the relaxation

r uCmore ,ieuMikictnt in dIcteriiining the excited state timles of, atomnic state.

structure. To cc ut Hr this l, S111i uIal excitation anid Once the equations, are solved for the population den- I
rc rmbina ion are Hi nl uded . s.s it is a straightfokrwxard calculation to find the elfec-

A :olh i wrwl- radiat i s model h rr carbi m ablation plas- t is charge. specific states. ionization energy . radiation

maLI 'J 5asde eI pe I The atomic: states that provide thw field, and other Information that deponds uptl ii ledge

basis tor the model are the ground state and tspicalk " i\ i~t the populations.
to) 12 oit the loss est ecIted levels of each Ion species. lii We hav~e included radiative cooling due to line recoi-

mcca~k' the mTcli ld lcs el arc rtrpresecntative of i hination and bremisstrahluing radiation for the simulations

,uIbIaIhiouIM Of neatrbs dI,encrate states [-or exanPIl. described in this paper. however. since no transport of
lc c he)lst carbi i IV, V. aind V"I are iiideled accord - radiation is perf'onned. the model is only strictly valid f'or

Imto) pri ncw~ i pal]inl tm number n . that is. the properties, opticallY thin plasmas. It should also be mentioned that

() he am us ill ,uhlockl havec been as raged over an- %k e have neglected the exlii efc 'reduced oial)
'-11.1ar 11011CII1,111 andm&-mcticqL~aI1LIT1 nltlllCrlxpoinatil. Thcouldoxihave coan h impactmpaupono

Thei atil i roese that arc represecntedl are coIll hieher densitv results,.
'irnuil itii/aii. threce-bird rciiihination. ollsional

c\. itati1li. 0,cm 1 liim a1  Lie\k.itat i(Mi. sprtitaneils C11111s V. DftsCt:Ssi.SN

jm iradkhilisc reu mihmiaiu. an"d dicctrmrti recombli- fe. shows%, the lin coincentratioin of succesiv ilnl-

iii wit I hex aim I it sehctiat is Il o Ir a simiple three~ iation stages, of c:arbon for an overall electron densit, kit

A \ note rIcla li i5imki ihis mowdel is ifl l I ll ii in ate oft the temperature can be made by noting the ab-

l'I iIc and prt'setwe of certain ioni/atioin stage>,, For cex
I lie iL'ii r'.se re iiaiiickd iil a set ki raic .iiiip-lc. in H.4. ('IV dominated (luring the pulse and (-II

-1 ! t~~~tlc. h~~rii ii the hm trI I' wil,,.uth thb' prewrnce ot ('1Ill umwa

hi tic, ii iisii et s en . Fro'-i Fig. 6 (me can estimate the rani-e
C1 ( i i i l the electroti tenmperature to he ahout MI 12 cV iduring

the. ptuke (based upo~n the fact that CIV predoinatesIL" os rU

xsficrc nI, the p()mmiio dclisit5 -d 11~i levekl I and ( '11ll. decreas iie toi 3 5 teV within 501 ts. At eletown
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calculated front the collisional -radiattie CqUl lihriumt model F ig, 7. Electron temnperature of the la e-ablaird carhotn plasitia Ncrsus tone
relative ito the peak of- the ruh% [aw oupt oiand1 ciiparinii the:
('11 427 niiti and (11tH5 ml ne ite to hoccal'ulated tromii ex
cited state dnlispredicted fron teCYmdel T he curxc desc.rihe..densities between 1012 and 1015 cmi the ion concentra- an exponential fit toi the daka.

tions do not change s ignificantly with temnper-ture and thusI ~these temperature estimates remain about the same re-
aardless of the density in this region. Note that even at -1 This paper has shown that plasmia temperature can be
eV. h Cl concentration is 0.01 that of CIL. so it is not obt'Mned from plasma,. w hose parameters fall between the
surprising that Cl is never cbserved. By the time the region of validity for the LTE and corona models by com-I plasiiia has cooled and recombined to the point that CI paring spectroscopic data to excited state den- ties pre-
would be observed, the plasma has moved out of the field dicted by the comprehensive CRF miodel. This opens up
of view oif the spectrograph. the possibility of diagnosing a variety of plasmas that tra-

m nore accurate estimate of the electron temperature as ditionally have been difficult to diagnose because of theira function of time was made by comparing the intensities plasma parameters.
of two experimentally measured lines to intensities cal-
culated from the population densities predicted by' the iFRN S
CRE model for a plasma with no. = 10" cm '. 'Ihe dig-
tally integrated intensities of the two largest lines tCII at 111 M Brake. R. Gilgenhach. 1. Hortoti. and J Tucker. Plasmaz Chem~

427 nmn and CiII and 465 nm) were used. The results are Plot vne Proc.. %ol .3. no. 4. p. 367. 1983
illustrated in Fig. 7. The resolution of the optical sy1emn 121 H. Milchberg. C. Skinner. S. Sucke~er. and D Voorhee... .IppI
N~kas not adequate to determine if any other species con- P1B inha Lef.,/.c vol. 47, p.St 1t..1985I

tributed to these lines, sc) we assumed that these states 141 11 Boland, F. Irton... and R. \lc~khitter. J Phk B. sot I., p. I 0
\&ere the sole contributors to the observed lines. Never- 1968.I thclcss. the temperatures do fit an exponential deca\ (de- 151 J. Read% , fbi;.i ,I Hi-Powocr biur RadliwIo) NeA York, Ac-

ademtic. 1971. p. 121.tVoted with the smooth line) after a peak value, as would 101 R. Mcihiricr. "Spectral inten..itie. iii P,4tona )toosu U Ii

he expected. The e-folding timo for the decay of the wejueii R. Htiidlesione and S. Leonard. Yd, Nets York: Aca-
demtic. 1965plasnia temperature was found to be about 90 ns. Also. 171 D). R. Bate,.. A. F Kings.ton. and R W P %lc:whirter. Pr'so Ri.

th aprxiatly20-ns delay in the peak temperature So, . ol .A257, p. 297. 19h2.
corresponds to a streaming velocity of 7.5 x 1 0' cmi/s 11l W. Thornlilll. Ph.D. dissertation. Uni\ ol NIliiin. Anin Arbor.

\11. 1985%A hich agrees very well with the streaming velocitv of 8.4 l1 ) Dl~uon. R. ('lark. J tDax IN. atid J Apni.'e.e. I'h s Rt'i .4, \o)
I10" cmi/s ohtained for conditions, similar to this exper- 27, p. 1441, 1983,

imnt using a Faraday cup 1101. The temperatures shown 1 101 I. Meachumi. Ph.D. dissertation. I'm. f Michiiean. Ann A.rbor. Nil.

in 1Fig. 7 are well within the range of those expected for 1111 1. ReadN.. Ellecis of I//ih Ps~ii -o% icrt Rizdiaou~, N. York A,~
a laser irradi;ince of 101" W/cm2. I1I1I adenic.' 1971. p 194



Effects of nelium upon electron beam excitation of N,' at 391.4 and
427.8 nmn

M L. Y--ke, P. M. G'lgebach, R.. F. Luccy. Jr. K, Pearce, and T. Repetti
I'::,f-i b.~I'~'~ ?.niv r ratc0. ' I:/',-,al ri Divpar.'v .' i\hecr A'~~(rt. U'rsinfi Michigano.

I P E. Sojka
1). .;'L '?I ' At.! I /1 I IcJ/ / ,'ndll I I M'. Ali 'dlle I I~ ll .I, I Idoq. It ,/Ji I d",h ana 47190"

,Rct'i'.td 20) Lute I N0T. ICCeIIted tor' pulication 23 Ju1.1 1086)

Rclaitii siccetecvon heant interactions\ oh ,ci- ,mall ratios otnitrogen tolhelium (10)
ha0 ') beenCCI tniid to prodnee extreml\ large N-, (B . -'~ intenisities at 391.4

ad427 N lnm. eomparcd to line intenlsities origilatinlg front helium. These results Occurred inl
fte total press,,Ulcriie11 oft). 1 -500 Torr. The pressure sealing result', presented here are
n1consIttsit skith pres iouslv1 proposed kinetic nieehanisnts for the N. laser pumped by

heihumn Vk oh a -inmple model of thle Chenmical kinetic,, .wt shotii thai thP. J Is dlue to the
II IS ol'al transfer of clerp\ hex% en excited states, of heliumin atoms and the ground state of

N

It 1s \elI klin 'lli that Population n'.ersiolis of' the negative band of N;- . R -X 2~Lines originating

U X . ', electroutei tratistioi of N- earl be achies ed from atomie or molecular helium had negligible intensities
II I t ie presceC oft heCIlim.' B% o possible mlechanisms ha% e for these cases. When no nitrogen was present, the major
beenI used to describe the punmping process. Collins' belieses lint s were attributodJ to neutral atomic helium at 388.8.
thle Lipper laser lesel i uped h\ charge transfer from He;* 447.1, 501.5. and 587.5 nm. In time-resolved studies per-
fit N . lKokakka ct al.' beliese that electron impact excitationt formed with OMA gates of 50 ns delayed by 20 us for each
i,, the dlornu al t purnip mnechan ism. Most of the research per- pulse. the N, light emission was found to followk the beam

formed onl thle N; laser has, ins olsed lat~c overall He-N, voltage after the initial rise time (see Fig. 1). During the
ulshrepressures, 1 -30 atm )' -' %here the presence of time-resolved studies, no other lines were observed except

ftic Ina\ he feasihle. Insestigations of low,,er ( -50 Torr) for the 391.4- and 427.8-nm nitrogen lines. Figure 2 shows
seallpresurs.hiossesecr. hiase,,c ere population inver- the relative intensity of the 391.4-nm band as a function of

5 itsli atomic, liitrogen I rather than in molecular nitro- helium to nitrogen ratio for nitrogen partial pressures of 0. 1,
geCii. Populatiutt ;neelicaItisnts proposed f .or atomic nitrogen 1. and 10 Torr. Figure 3 shows similar results for the 427.8-
lasecrs rangee front excitation ofntitrogen atoms b,, collisions rim band.
betusieei nietastable excited atoms, oif helium (2'.5 anid i- As seen in Figs. 2 and 3. the largest light intensitics at

troecit molecutles, to the recomtbinuation of eleetron-ion 391.4 and 427.8 rim for agiven pressure of nitrogen occur for
Pai rs 'lIit thfis, letter. " c presen)t itinsit measureentt, for a the largest ratio of He/N,. That is. the more helium present,

\k ide rail ot'f hli uim to itrogen ratios, foir relatis istie cee- the more light is produced up to total pressures of about 300
rin beamn pumped gasecs inl tlte initermtediate pressure ramtge Torr where the intensity levels off. The linear portion of the

()')I 5()() IEIrr atid shovs that tltese results, are inconsisteitt curves corresponds to a slope of about I for the range of total
ssu fit(th ahm se mtentioined mn -chattisms. We also present a

sltpcchemical kinet ic mood 1 which is, consistent \k ith our 30,00 - 1300

exeiiuiilobserv.ations.I
I he esperinivitntal apparatt us has been described pre- 25,0OOL -250

I II, Iisl the e-xperimitei t consitedl of' a relatisk ist ie eleet rin
hcei it ,' peaik \'kaic of' 3tf9t keV. a peak eurreilt of I kA. 200020

'1t1d a plse \kdt di' 3100 us file diode consisted of~i 2 5- cit- %

,iam trhi ii briushI cath-ode anid a tt.t12-riun titainium aruodle 8 5

11 11I lic he-itIt kk as uItlcIet ito iil luittinun11 \ aCLIu % esscl
i iIl l(ii it,,e , siildmk (il thle sides ant] II 'l The emtitted li011 > 0

o1 d\ erl lliii rial prsue ach ss~ tIt itroTeIt pairtial1
I, lir k- to i. I. an t ou )) rr "si a, ;u plcd Iitial5,000 lie50

p~ ~ ii iiipilieie Cim se t)I' o I r I lI 1)\ 1 i c e(It-I

,.l, sit ii pnleit fi d ii~ ts 40 80 120 160 200 240 280 320 %U0

Ir~-~Ii'I irn tsr,* iIm ' I) ii f li 1 i,'s'I i'.V 4"l tw111 1 ar
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Fast, sensitive laser deflection system suitable for transient
plasma analysis

C. L. Enloe. R. M. Gilgenbach, aiiUi S. Meachum

Iq
Iccc I I' %tI,10 t,'cted fo puhcwo 410 N2 19,17

A s rIcl 111. tixC liiii ttJtetsxs iihsbendxloped~ xxilch is, both flit .20 11s) 111d
~ iiti~ r'i~ fl' atad I is dJi _Iitostic 1s capahie ot scitsiniand disc I tilitatllill hcxxeecII

eleir'ie It11 1d IIeLIrIIJ part-11ICe it] i II illic0111polICent plasmla. and \ ieids (11.alitiiatixe" reslts
111, teltiq eoh'xscIltIIILI0II', I itiIlIC. Colli t ILIti i i i~ e~ I" a11d
sHIupic to feld. Iliis \ steml i". il:ooe iiil iltlpetitmx wxill tradItional tec:IIliquCs III

tieii il e de cixipuierit of' lrailslefl piasnias.

INTRODUCTION enik qua~liiaitx. M ille 1ii tilk: saiti11 111 ih IMuch

litxcItcw I llIl .ckil il tile III produc 11(iled sinlipler atidlcsse xpeiisIC to ilip~lcii thanl A 111.\x laser

:11L ~ ~ ~ iiclx-tauxxe''t.r. laser xItli I iarcet I,, aii id l"clle

I a lil~hlii iixx iicha lst. eratile probe ot

isn jei ' il ~uiia pILs'li I" shlt lix ed. 1. LASER DEFLECTION TECHNIQUE
:Iasrflldllsc xII.Ih a x eioeitx ii ihle .i ciroit

ta idl it ~ I k 1 1 w t J ifl e r t Ic orIl i xe tis . l i a l t pan i c -
,jaI\ lI~i:i eiic pasa eiss. x ct~s ,i ate pled t\ a'0laser-produtied lasma. t' -,' Itrget maialh 01s pr

I e :o lll rp;l e c hju I P u lsed laserl sIilie re ll 11i 0 1'i ltC h i s rfac e. A 5- m W~k H e-N e p ro be l aser ijo d o nl l-a ser

*aieaphx Is Ihale lat ii ~llgiiisc h temoralcx u ioxici H N-2S1 I I, is etlecteci % index. ofrefriact ion rd-
Jt sli', alam ainlsltle touI)0'h I 01111st ents, 2s it passes through tihe laser-produced plasmia. I he

Is -" T'giilar ditectjiii Is, vnix h% bY
"s i ntitmes canl he ohtained b\ e m~pioxin_ it Q-

Ix-i ehd ub Lxer. J-;' ' dent ical plisitia 'hot s are r- I1) '

quired. Ix ar% ins,- tie nimnn oIf the probe laser. at -1hc tilt: 7' (I~ /
p ilSIiia Cx IiixC InI ti111C III lilln cases. diffiCUlties, arise be- \khere it is the Index oftrefract ion, it, is thle unperturbed Itndex

ue thle ICiaral iuioIllo.~( siiice th ic c olai piax, of retraction ( approximnateix equal to I ), V is, thle uradienit

N t i le a nere tix e pe'n ti turoaliolui,, d I" c' it t \ rt r a tion .bI f inl the index of' refraction nerne nidicular to tile path of' the

A I T~ II% pr Ie c k Itj ne rl at '11I i l e r I I a it ix perI t urba,% ti n. h eam . D is, th e th ick n es s o f' th e p lasm at. and ( ) in d ic aites at

pc h )Iticb ;l ]II Ls e ll a lloaI si a i l uii te r i a o t s c l r e nI a 1 a l 't e r , t h lin e a x e, r a c ta k e n o v er th e p aIt t o f Ldi e p ro be la s ec r i n fth e
inallie ~ ~ ~ ~ ~ ~ ~ ~ ~~ paIla ca iiil-tuui eetbt isisai e-Since de"Ictiotis are small, this axeraue is, tatken oxer

hs.ibt ealiiloxttiun hetxxeti thertt. Ia Rtiitfc Win, 5Ih"sri'h n
used ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ tl a.-21]111 .1saiitletetcnqecndxiiustbtx xtunperturbed path. Thei deflectioti of' the

IIIe txi butl cannjlot dectct theml ,I tinlt auteotisix .l 0uniter it I,,

difficul1t tilhat quaItItIxjI e results, h'ornI sLhiierenpht-
raph% '*\pplinL tue th techniqueC of holographic interferotnec-

tr\ inine thesc xlileutfics hut at thle xpettc Ifa, large
tIlrs 111 0et 'itid cimpett ice nit onix are thle iaser

o)ptics required T1ti~j 111c the t'irti mlore L0tipilex. bilt tihe

h(ILcratt ItiUst he reciiatriicul in orderI- interpret thle

I~iacn s it:itsti 1x titeaskiittt tite detl-ctiti i)fa ki-

s i r Ilt t I . J ~ l I c a l k . t i q "it t o i l t r i \ p i t, i gl r a -k

ii 1 e'Ttulititsl I Ii, Iteiiiil(IIie 11Xs beettI su, sstiii tpiexII
I a, rlnmb r )t ticel1 ils tu d e h itipeitriteti ti tts St1)IIetI utt If III-
I'Ir ut-tnt ji isrit ITis t(ttie P d i p uI IIi this airtilc. xkxC

M i pruthl I js%% II t-(ex rub lase i r ,chtlai xIii it IiA w C),% , i I tl i k I i (ia.~~j 11 !,1T ill 11
sI I fI -. I. I t Ix tlr, :r I tt i r t I (I ciIie s i !utxr I is tI i t w- . . i 11 % t \, 1" i ll, dl
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Microscopic and Macroscopic Material Property
Effects on Ultraviolet-Laser-Induced Flashover

of Angled Insulators in Vacuum
C L_ I LOI- km) RONALD M.l GILGENBACH. ~Ni'sliw H. ii)11

h ~trac-1 ll:ishoos er of electrical[ sitressed polsmeiric insulators in have been investigated [ 161. but the most comimon in ap-
s.kuurn has he tn induced Its ultrasiolet radiation front an excimer laser plication is the plane insulator/ vacuumi interf'ace between
KrI . H-ashoser hehas or is a relatisel. strong function of integrated plnpalellctos.Ithsofiuto, ahor

fluence up to) the time of liashoser initiation, and %irtuallY independent plnpalellctos.nthsongutin ahor
of appliedl posser or pulse time. Hashoser is induced b ' moderate fl- strength is a strong function of the acute angle 6 betss en
vce 1I 10-1 111. cut , of intense (0.4-6 NINN cnt I ultra% inlet at 248 the insulator Surface and the normal to the electrode sur-
on at electric field stress considerahisN bhlm the static hreakdoosin faces ( -900 < 6 < 900 ). A wide variety of' dielectric
stress. The critical fluence required to initiate flashoser is a function materials, including polymers. glasses, metal oxides. and
of1 the electric hield stress. the insulating material. and the geometrN of composites. exhibit similar behavior: flashover strength is
the dielekti sacuojo interface. 'the uncorisentional insulator geome- a iiu o -0 n a w aiaa
trsv in sshich electrons are accelerated tosmard the insulator surface) is atamnumfr6 0adhstw mxiat6
more tolerant than the conmentional geornetr "o h ' nearlN a factor of 2 ±450 131-161. Since flashover strength is typically' greater
in fluenice. Insulator material,, tested oooerv pol.,eth.,lene. poloostorene, for 6 = +45' than for 6 = -45'. the positive angle con-
acr,lic. r.liin-0. acetal. P\~ C, and teflon. 'I he critical fluence is cor- figuration is conventionally employed. The sign conver-
related ito the microscopic and macroscopic material properties; results, inilutaedi i.I.Fr6> .eetosoii
shoss that insulating materials ssith high dielectric constants and loss to silsrte nFg .Fr0> ,eetosoii

,econdar " electron emission coefficients eshihit superior tolerance to nating on or near the insulator surface are accelerated
ultratiiolct radiation. Of the materials tested. nt ion eshihited the high- away from the insulator surface. while for 6 < 0 they are
cst critical fluencte in both the coinentional and the uncOinentional ge- drawn toward the insulator surface. Note that because of
mietries. % theros of' tilt ras iotet- induced insulator flashomer is desel- the presence of the dielectric. the angle Oh. between the

oped. local electric field and the insulator surface is in general

neither equal to 6 nor constant over the surface of' the in-

II Rom (t 1 I sulator. The local electric field may be significantly al-

T HEPHENMENN of flshokr a theeletricll tered by the presence of charge on the insulator suface.
stessed nOMer1(I) of' ,olshdiecri a the uu elctia The flashover performance of' polymeric insulators tn

been"el-chracirl/d 11-17. athogh Mestoatons vacuum is seriously degraded if the dielectric/vacuumn in-
- terface is exposed to ultraviolet radiation while voltage iscontinue into the tnechantsis tn', ol'sed. It is an important apleZ7111.Unievsbelgtutailtrda

phn omfa eno to e tndesta n cl e thinc e ie the dielectric vc u tion penetrates a very short distance into the surf'ace of a
ntefdc iseletrtall 's~ekertha eiherthedieectic polymer [221. so that interaction products (electrons and

o)r th acuoml Lcap alone and hence miay be the limnitine lctditotevaumneutral particles) are readilyejcdinoteVCL1.
cleetnt in a hichi-,oltage poooker transport 'stt.Nu- Flashover has been induced' over antzled insulators, ex-
nheroWs factor,, affect the flasho\ er oft insulators tn vac- -
L11111. including thle compsto o)f the dielectric material poetomds fl nc(1015 nJ' ni)o'itne

ipilititn c( 0.4-6 MW /cm- ) ultraviolet radiation even at low eec-61. i nsUla( ir sraecondit ion tni, and tmodi fication 141- tric field stress ( 10-80 kV / cm ) . Further, the reverse of
I 1 n hetnchto o h ,0tlI use-ohte the behavior one might expect is obse rved- insulators, at

T1 aihieCond o)r microseconld cduratiotn or dc. unfipolar or negative angle are more tolerant to ultraviolet illumina-
hlptifar I I11. 11 31 1151. bitt thle Chief tactor iti determinl- tion than are insulators at positive angle.

(P2 inhultir flishoser pert orruanlce is the eeiiuetr\ ;if the Intswokwepsntherulsoanxeim t
Ji:c elec re \ acuu~ll m tter a-:e 131 17 1 1161. wnhich wok quanti res en the fec ts of ' t aviol etint

A laree nither ot insul,1ator and electrode cotuectrics %hc uniisteciet f lr\iltilmnto
- on polymertc tnsulators. 2) characterizes in detail ultra-

violet-indu.ced flashovser oiver insulators at positise and
PI r, -'d ! p m u~ . .w, neatv arIds ai.iind 3) correlates, microscopic and mac-

p .. '~ ,~ II . , ,'.tii, kcc.,r, .I MI rioseipic material properties to flashover behav ior. A the-
I I I ml i. sl IRPP ors Of ulltraviolel-inditeed itisitlator flashover is Lcle'sl-

I . .'V I'>by K Id nl~tr,.i~iI ,wIf\ opedl. stlich explaiins tlie tiexpiected\Variaiitioof lashioset-
N (ri ri. ~ 'J J %1,!r *I1tii,ir., 'ii\T1' strenoth %x fit h gontet ry itt \ ess of the cutrrent tintdcrsta ncl-

I I I .. .i ng o'f liashovecr in %saettitni

019li 3? I 1 X 3 88 H)11379SfO 1O( 00 1988 llFl



!1l10I111 It ,I rc, trite ar e CitIljl\ a~kiiu cir tetcurattin~ urlce

Fi-c 2 F perii a co Lig ratlili (a; Caliirimetier (i) Quarti Ieiil h

lllatii alnu Lor IdiE~ nir I;ier (e) Quart,i/ di ] Optional
, iiAhtiior I Q) -o4p clectriidi Ili) ion/atiiin gauge. Ii Slip sea]. I jI

Sc re" thread adjutmnent (k) Biittom electrode. (I) VaCuum feecdthriiugh,
lIll A11j.utable fee( oii Turhtinmilctar purnp. hit (arhiin aperture

11. Lxi'tR1m,1 NTAL_ CONFIot'R.\ri(I gowski coil to monitor voltage and current, respect ivel y.
The present configuration of the cxperiment has been in the interelectrode region. The chamber also allows ac-

described in detail elsewhere [211,. and is illustrated in cess parallel to the insulator surface so that the flashover
Fig. 2. 1'he apparatus consists of an illumination source event may he photographed or neutral particle emission
(a rare gas excimer laser and associated optics). a test monitored. The latter is accomplished through a laser de-
chamber, and various diagnostics. For data presented flection technique which has been described in detail else-
here. the laser is operated with KrF ( 248 nm)I, delivering- where 1231.
a ttaximutiuf of I1.0 J o~ver 60 ns with a 24-ns FWHM. The Insulator samples with 0 =+45' have been tested.
pulse shape is the samne for all shots: however, the beam Materials under test arc polyethylene, polystyrene, acrylic
\Aas t~picallv attenuated by passing it through several (polymethy lmethacry late. specifically Lucite), nylon
thicknesses of' absorbing film. The laser produces a uni- (specifically nylon-6 or polycaprolactam). acetal (specif-
tirt rcctaneular beam which is imaged onto the surface ically Delrin., teflon (tetra fl uoroethy lene). and PVC
Of the in1sulator samIple under test, so that the surface is (pol y vinylIchloride). The chemical formulas for each of
Unitforml\ illuminated from the anode triple point to the these materials are shown in Fig. 4. The first two are si m-
cathode triple point. but without illuminating the cc- ple hydrocarbons, the last two are polymers containing,
trtic surfaces, halogens, while the remaining three are more comiplex

A quart/ \ window allows laser light to enter the test Polymiers containing oxy ,en and nitrogen. A maximum of'
chamber. The test chamber is evacuated to < 1 .0 x 10) 25-ky dc may he applied to the electrodes, which corre-
ti rr, A turbortiolecular pumip is employed to mfinimize sponds to 78 KV/cem across a ((.31 8-em sample. T]his is

hittkstrearnine. sinece previous restilts indicated that in- far below the dc tiashox er electric field at either angleI for

pu rities cild sign ificantly alter ultraviolet-induced flaish]- m ost materials, tested [51. Nevertheless. thshover is read-
t)%cr perti irmance 12(01. 'The insulator sample uinder test is ily induced ci er all Materials whenI ultraviolet i Ilumina -

field i-ct~een two brass electrodes. The electrodes miay he tion is applied.
,,mt]ficured as pant of ai charged particle collector, as show n
tIn .ig, 3 (a). to study charged particle emission under ul-Il lct(-ttt('.\s ittiiO

trasiiilt 1Luttt11iation in the absence of applied high volt- Lach insulator material wkas tested for its, response Wi
Wi.lxpicli .the electrodes are config'ured ais is shox~n uiltrax olet illumtinaiitin \kihout applied high voltalc

In Fui! l hI. Aith ai capacitive xoliare nitilttr and a Ro- Fiisitin ot elec.trons aind iitral particleIs x\ as qitaitintied
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as 11ar oun cllction tim laefnr\ or tc.he ehactor the x a010 3 0 5 0

1.5
I hui'' Purlctc Q is f'und fromi th ekAttsga

Itrilili the simple relation 1241

%khere C Is the capac itan rce of the circuit. \Mhich is readilx 5
Lohtaitied fromitic hRC deca% ltme ot tile sienall and the

I c tresistance R. It is neccessar\ to apply at small I dec-
tric clo. to thle sample to sweep the electrons into the an-
ide., \ hield of 1pp10i\1Md1tek 50 V CmD is stiflicient1 to

ake' iiiplish this.( I [he applied w iltaue \% as increased Until ~C

Ilic- ' caee eiuittd from the insulator sUrfatce dt.1iine ,,'I 'Li i'' I Ilul C LIiI\ *'LCL 'l i\ \ 1" L\l'LL ll k

laser illimi~iiaion as, a fuillci,0o lultrait olet eiere-\ ude- 1, 1 1'.11 lLld P\I

1141sitecl Is shiln rIin Fli'. . Photoeuissii is hie"her for
nsnlatl samiiils v. hich hau c not heeni prc ioUsl C\- toelnissionl is lo\Mes! for simple h\ rocarhons. h1icst hir-

po"sed 1IL 1ltra'u oldt iluii11Maion than for con1ditioned pols Ilirs contailii alges and solMie\ er et. e

LLIplbIposure toi teni puse 100(1in]'Cli lucr1ICe1C these hounds for more coniple\ pols mers.
I i i. lit to unit (11 e iica chI it the i iiatcr iasI i( cidre d [ ie halndlfeap hIm \ Cet the: aleneet bind and (thc \, aIcunni

ari ll ulta stil %k~' ri here: are tfir C( iiiditiLu ied sailples. Phoi- lce ciNi. for Mlost 1p01 lIlers. appuximiatel' k) tev. 11w)
1"i11ili111111i is ihilk liiiiliteira in pulst: eriere e speciall. photon elicis at K&l \\~llhIs S C\ . H'ieictire. iam'

hchm a cctiLelaili treshold enere'u . it is iceLig-ible. l'lio photoioiiitli ill/aoui tae placet \ ia ai nliltiphoton mci-12



uiHideI KrIF l' lar II1ll 11,1i0iiatioii. -Furter. tile tl Lorcs,,cnc 9

persists or)I Illt telsl,, i iiseod atter the end (if the-
laser [)isC i hs I', ie tII)IChatl there Ire states, Inl thle !ind-

capreciof '. hih 0:15be xcied '.the ulltra'. iolet raIdlia-
tinl).!, subsei~luentl\ ioiiiied 1251. Sw'.o~ thle hapc ofl the
OllPLI!t ilu10oesee ic pu I1o ke il hI e at coL'0. 0L(k~ ol i l thle inl-
pLit 1aser pulse, aild the exponetil deed'. of thie excited 4 /

state'. cIIIItaLn thle in~put puI lse isdth to the output plse~ 3 7
kidth ' d a hfettii (it ipproxIfnialel\ I3 ;us. %ihih is 2-
a IF'! W1101) tr0tio thle itmIpntI plse1 i idth. Hence. a
1\tI L' J) jh()t0ItIi/aIt)Iit c'.lltt Is, plaile-1. ig. 6 is, the
rcsnii ll iinlliite If)e t\%o -step ionl/dion process %i h 1 2 3 4 5 6 7 8 9

three: ,plId tte eqIUation. Thlree populations are con-
NidcreJ thie _,roUnd stateC 11, .thle CxeIted stale 0. and the Fi(iR'isIiiii xttii iTiUljhi u,,ii

Witl/LeJ state 1; I hec equation ier ol'. ed flnmertall'.
\l, Ith Al' LiIIItN iortii1ali/oed. The result is siniilar to the e\- deflection Occurs, J231:
perwim-mni results inl that I )il atc rr lo\N Pulse energ\,II
nloti,ii on is ncehLIihle. sinc thle probabilit\ of a2
photons itctraction 'A thill an excited electron is small 21=(

aot miii ,rIte pulse cnicrgr . photoionlitation increases rap- ii t f eIit\ S a the inte rinedliat: ',tatle isl Populated. and 3) at high This anlalysis is >ali 7f, the w idth of the laser
plse1 enere'.\ , thle ncaseI1, inl o~n/atton wAith tfLuenee is pulse. For this experiment, w ith xb, I mmn. 1
ro!;,uee d as, the process, becomnes saturated. Clearly. the and T=60 ns. the analysis is indeed applicable.
result' ill the siniple mmiiiel do nmot match the experimental Neutral emission per unit area of the insulator surface
results cxactl\ . utl a reA p01\ fler is, Unlikel\ to be such as a function of fluence deposited is shown in Figl. 7. The
at siple s\sicin Conmparing thle miaor features supports data are consistent with those found in the literature 1261.
the hr pothesis that tis, 0-step photoionization is indeed the obtained from measuring the ablation of the insulator sur-
acti'. e pro-(cess. Photoineission due to three or more pho- face over qmany shots. Belo", a particular threshold flu-
tons can he discounted, bcause loiser cnerg visible light ence which varies with material (on the order of 100
photons do not cause significant fluorescence, which ini mlJ/cm .neutral particle emission is negligible. In
pilies, that their enieres is, too lowA to excite thle intermediate studying flashover behavior under high voltage, the ultra-

ate violet fluence was typically kept below this threshold
value: thus, neutral particle effects do not play a signifi-

B. \ufra Pariclehmi~sioncant role in the results presented. except perhaps a verli
B~inro!Panc/i L~i.%~onlow field stress (-10 kV //cm ) wvhere the fluences re-

13'. obhservintg the deflection ofa He-Ne probe laser 1231. quired to initiate flashover are high.
and h,, ntak inc certain ass.,umrpt ions about thie profile of
the c\xpanding neutral, the neultral emission from the in- IV. FLASH~OVER Bin..xxmo)R U NlDFR Ui F-R xVIOi nm

sulator surfalc mas be determined. One may showk that if l~~si.xro
A particles are emnitted fromn a surface area A w ith a Max- A. Obscrtwtions
is elItadi x eloctv distribution, then the neutral emission is, To detertmine the flashover behavior of insulators uindci
related to thle peak angular deflection of the probing laser ultraviolet illumination. dc high voltagle is applie-d to the
beam 11(:): h\ 1231 electrodes and the insulator surface is illuminated byt a

single pulse of excimer laser light. The laser beamn is 11in-
X 1.0 Xk ( aged onto the insulator so that the laser uniformly illu-
A1 K, Di rn'inates the insulator surface from the anode to the cath-

ode, however, the electrode surfaces themselves are
is here: 1) is, the path length of the probe lasecr through thle unilluminated. The beam has a cross-sectional area A and
rmet iral. 1, is, the i ita ne of' the beam aw&ay from the af total pulse energy F,. Although the electric field E is not
siirlti.e. and K..I, ist constant relating the change inl index uniform inl space. the electric field stress E listed in the
it retri'.iion to the neutral density: K, - 1 .03 / 1(1" data is simply taken as /- = 1,/L. where V is the applied

cm For He -Ne liacr light. Since the presence of neultrals voltage and 1, is the thickness of the insulator sample.
Isl at p-silil. pertuirbathin inl the index of refraction, while Numerical Solutions to the Poisson equation which showk
lie presence ofI electrons, is at negatiltc pert urbat ion. it is, the potential distribution in the intereleetrode region ,,k ill

eas i Is . eri lied fri mm tile sign of mothat thle deflection is, be presented flter in this article.
aneIhs neut ral cii,ios n. The a' rneexpansion 'le- Current and voltage in tile interelectrode region are

loo~f hr mita be found f roti the time i', at is fitch tile peak monitored as thme ultraviolet illumination is applied. Tvp-
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As more attenuation is added. tf increases until flashover
is no longer observed (tj = oo ).

The prebreakdown current i(t) is nearly proportional
to the illumination intensity 1(t), and the flashover event
may be roughly characterized according to the prebreak-
down current behavior as 1) strongly induced flashover,

0 in Ahich both I(t) and i(t) increase continuously until

0 00tlashover occurs, 2) weakly induced flashover, in which
200 250 300 30~ If0 It) and i (t) reach a maximum and are actually decreas-

. ." ing at the time of flashover, or 3) stable, in which no
flashover is observed, even though i(t) is not zero during
the illumination pulse.

There is no correlation of the time of the flashover event
Xs ith either the instantaneous value of the illumination in-

tensity or the prebreakdown current. Depending on the
pulse energy F. flashover is observed with equal regular-
ity on the rising as well as the falling edge of the illumi-
nation pulse, even late in time when the illumination is
significantly less than its peak value. Flashover occurring

/1 after the illumination ceases entirely, however (t, > r),
is rare. observed in fewer than I percent of the flashover
events. This simple observation leads to the conclusion
that it is ultraviolet fluence, rather than power density.

_ _ _ _ _ _which governs the initiation of flashover. If there were a
C 50 ' 00 150 20 250 30o 350 400 critical power density required to initiate flashover. then

- that power density would be achieved, if at all, on the
le \cliral parli h.e erni.',n per unit area rn the xurla ot nxula- rising edge of the illumination pulse first, and flashover

r, under ultra; lc i lliniinatio in acuum a a tunci n of 1lltu ina would be observed on the rising edge of the pulse, or not
t,, I li cnc (a, Pol cth.lene and p l\t\rcne hi Acrlic, nylon, and at all. Since flashover is indeed observed even late on the
1,, Ii! tlP\, C,, ird l'c' falling edge of the pulse, fluence, rather than power den-

sity. must be the deternining quantity.

ical data are shown in Fig. 8. Although significant pre- B. Analy-sis
breakdown activity is evident, flashover is identified as The normalized pulse shape f(t) of the ultraviolet il-
the discontinuity in the voltage and current indicating the lumination and its integral, which are the same for all
sudden collapse of the impedance in the gap. With time t shots, are shown in Fig. 9. The normalization is that
-I ) taken as the start of the laser pulse. the time if at
which flashover occurs is noted. In these experiments, the .f(t) d= . (4)
laser beam is attenuated, reducing f. and again tf is noted. J)
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, ,',' pulse energy ,;. the critical fluence at which flashover oc-
/. - / - - curs remains essentially constant.

J, The critical fluence is. however, a strong function of
N , i )/, J p ,k c- and ejicr\ d , he !hjinjnhi puk,e the insulator geonietrv and the electric field stress. lnsu-

i urnl/ia' irea ,,l tt iniul~itir ~ j.,u. lator samples were tested over a range of electric field
stress from 10 to 80 kV icm in both conventional and un-

hu for an,, time . thc instantaneous illumination inten- conventional configurations. The critical fluence is dis-

\it,. I It Can he c\pressed in terms of the pulse energy F. played in Fig. I 1 as a function of electric field stress for
and the cross,-sectional area A of the beam, and is defined each o the insulator materials tested in both conventionalto he and unconventional contigurations. Several trends are ev-

ident: I) the critical fluence decreases with increasing

/0) J(t) (5) electric field stress for E < 40 kVi/cm. 2) the critical
A - fluence is approximately constant for E > 40 kV/ctn.

and 3) the unconventional configuration is more tolerant
while the fluenec deposited at time t, F t), is to ultraviolet fluence by nearly a factor of 2 in fluence,

except +or some materials at very low field stress and cor-
F(t) = 1(t') dt'. (6) respondingly high fluence.

Fron (4!. it follows that the total fluence is simply F( T) C. Correlations
= P. ',I. However, it is clear that any ultraviolet illumi-
nation of the surface after flashover occurs can have no The critical fluence at high electric field stress (the con-
eflect on the process of flashover initiation. Therefore, it stant portion of each of the curves in Fig. II) displays
is the fluence deposited at the time of flashover F(tl ) various degrees of correlation to the macroscopic and mi-
"hich is appropriate to consider in investigating the ini- croscopic properties of the insulating materials. Neutral
ti tion process particle emission characteristics can be eliminated as a

In result,, shown in Fig. 10 are typical of the phenom- cause of ultraviolet-induced insulator flashover at high
cmn of induced insulator flashover. As the total fluence field stress, since the fluence involved is too low to pro-
Fr I tor equivalently . the pulse energy :) decreases, the duce significant neutral emission. Neutral emission may
tiie to flash t, increase,,, as shown in Fig. 10. However, he a cause of the crossover in some of the curves in Fig.
it appears that there is a critical value of the fluence F, II at high fluence.
which governs the initiation of flashover by ultraviolet il- The critical fluence is only weakly correlated to the
lumination. irrespective of the illumination intensity, electron photoemission shown in Fig. 5, although to a
Specifically. if the total fluence H r) < F'. then flashover slight degree the more readily a material emits photoelec-
is not induced although somte current may be observed in trons, the less tolerant it is to ultraviolet radiation. The
the interelectrode region. If F( r) > F, , then flashover is critical fluence shows a much greater correlation to sec-
Induced at a time t1, such that F( t, ) = F_. This is illus- ondary electron emission, as in Fig. 12. The secondary
trated in Fig. 10, which sh ws that as the total fluence electron emission coefficient K is that adopted by Burke
F(t ) is changed by nearly a factor of 10 by changing the 1271, who found that for many polymers the secondary,I
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-- .\laii. til. le k:', , i lll\ A1 I1 tf t a ic t ra~diin I 1wI trli. the INCNNc tOrt tN ii lta 110"1C Criation. to lh,

d~ielectric cotistatnt of the iniaerial, a.s in Fig,. 13 '1h c1 clearer the ldiclelciric lconiat tile more tolerant th1C Hid
tkili to Ultra\ io1cr rad~Iitlon. The prprl, of cacil of

* ~the iits~ltilii mttaerials arc ,ulimnlarized in Tahle 1.

* ~~lIre ohwre\ ationls and atni sis of the plienriteirion ofI u~LltrFa\ 0N indiuedl~ jnsulaitttr flashover pioint to at fillil-
Lar iiieehlliisti of fiajlill\ci Initiation. To sumtllari/c the
rlts~11. L It rax olet -inldL1Cd tlashoivr depends neithe onU ~ I , thle INStantilleOUSvae JIC the11 irr(CnSitv of tile ulta IP l

I V 'K ilUtrination nor onl thle prechreakdown current, hut rather
N..: t f; oil thle ttr-teatdultralet 01 fluenice (01 the inslator

rI 1_ace. [he critical flI nenc required to initiate tlashIox cr
______ ______________ - ____- is a lnctinl Of' thle insulator material, arid is less ill ti1e

* positive-anule (conventionial) configuration than :it the
K negative-angle I une1Onx ent onal t configuration 6~v appro\ -

itiiatclx a factor of' 2. The critical fluence increases , ith
nereasing, dielectric constant and decreases, with increas-

- inL, secondar\ (and to a shlit degree. primary) electron
0 cot iss ion.

4P - The evidence indicates that the effect of' the ultra% iolct
KC * illuminmation is to prepare thle dlielectric/vacuum interface

b\ caulsingI a buildup ot' surf'ace charge, making it mrore
- ___ ~ ~7W 77~~ susceptible to flashover than the unilfuninated. Lin-

charued state. The flashover event itself' is quite distinct
0 ~ fromi the prebreakdown phenomenon: the timet scale of the

3 3,5 4 45 formner is onl the order of' I ns. while the time scale (ot thle
I >~, -I [I:. ~I. C' C. C1) latter is tens of' nanoseconds. If' this disparity were due

CC '' 'IW, -U' 1
1 hnc~~i -. IC 'I Cl~~a entirely to some formative time lag, then one would e\-

N ~ ~ ~ ~ ~ ~ ~ ~~pc Il.II> ,lIC111'I'.ItII.II IICIrIirlIy see flashover occurring a significant time
after the end (ifthe illumination pulse. In fact, such event',

r dliF. tare rare. Also consistent with this inference is the obser-
N~ ~~~~~~~ tI.V\ -,IIr'\titi that fluece C. independent oif illumination intensityI is the quantity which determines flashover behavior.

;-7 The geoiit ry-decpendent behavior of the flashover
- "' . tt cngth of' vacuum insulators, without ultraviolet illui-

__________ ation has been well established by Watson 131 and Mil-
tonl 151. aniong (ithers. Their results are familiar and have
hrmned the basis foir most high-voltage vacuum insulator
de igns in practical systems. Their results show that flash-
ox er strenuth is maximum near 0 = ±450 arid minimunm

I ,1 .4 . recently. Brainard 1281 has analyzed Milton and Watson',s
dalta. and has determined that surface charging plays a
sinitteant role in the tlashover process foir --30~' < 0 <

<..1 1' but is negligible tor- 0 =+45'.

- . . The theory of surface charging (if vacuutl insulators, via
_______________ -. secondary electron emission is similarly well-developed

1291- 13 11. For any material, thle secondary electroin emis-
C Il. nl \dil . 1111i\,t (im c rsal Cirx c atnd Nciales iv, ,Ion coefficient 6 is a function of' the incident electron en-

'I ) K, I - -4 ergy F,. If the local electric field is such that an electron

,Ahcrc ~ ~ ~ ~ ~ ~ ~ ~ ~~~v 1_i 0 nai nr ftepii"eero which is emitted from the surface returns with an energ\I ~liere . i til. r actcnr~' oftheprirar elctrn, such that 6 1> 1 . thle surface charges poisitively. On



I i ' , H I 1 t I ,IR M ( l 1 1 sii 1 R -1 I\Y I Iu~

inA IoiIt Ct F I t La d.a~ si t ionI f reuts I

ntet Ltain'. nor loses charut'e. Ihei local dlcc ,. -

t>I I, Iliperpotioi ot the applied electric field
h i Ilt it it di tied hit hc pt)Ia ri /at it n c:ha roc inI the - _

t.i, ) tt( I~L' 1 il title to th i av chate.. oin tilt (*hiI
I he) Nt~ihillIt\ Otndtli Ci etIi\ aietlt to thle re-

.1nctithat thle local1 lc~c.tri, field he itielnediat 5011W

11 1"d 0l iik h~iich x ,Irles, it ith maiterial. F-or tltil\ In _____ ________

ititieiuater~i-'so 1) 281, xOhcre the,, neuatixe
'11Ii.it' thait tile elctrons, return to the insulator sur _-

AItlr n'eLe1tine surta, t Jin-c, (fhe electrie tield ne
ceerthan 0 iaN in thle ciinnicittional configiuratioin).

_!I the lrae hie distlrIhutiin is, posirix eOth- p

1 as ,INI thle LtICOMlIx i(Iti il co0liiLIra1i]on) thei stalet 1 1 1 I piip!CitlnI, oiur, aI ii ijn.TiecJ "ld h, J

rec~~~~r~lair innuuri technique1 I32. it is indihtox~r tH-

i!,A that toir an uineharued interlai.c, the electric field is,

iInl el d necar the narrox end of thle ins'ulatlr. w~hile if- a
ii Iu su I 1( rtaeeC charge is, present, thle electric field is .

lila ew~d tiar the ms ide i r pointed) end of the Insulator. ___

ill, etleet is illu~strated in Flu. 14 for the case inl which d

cxc \ x hei i the insulator surface . [he situation
it, cut irels ,innlctricalI. i, th ,urf'ace charge present. 7

hl ithe Id enhanilcement near the ii, ide end is much greater
ir Ote ins entiotial than t'or theC unconii entional conhig-/

[ii tnin 1hi' is, readilx explained. since in the unconven- __________________- __--

[imnal OiltI21.iratimin. nei-lectiue surt'acc charic. the Lil- c i

fire L tn eld anle1 is Much nearer the critical iv 15 Su rl icechargin for insultor.i 45 1,unlikei\ (a). i uiiik.

mdI a ouri1ce of priindrs etecirons otiher thamn eii. n from tic triple point

k. 11%kx v cxcr Lac charg ing is, to Occur via secondarNi a' ihhtlbe (hi. (d),

J,,ri cii eission, there must he a source of' pritnar, cc- 8
i rns, [or H It0 the cathode triple point is a ready r

inHrLC e i0 pri mnirv electrions,. As Fig - 151 a) and (c) shows. 60-

iw-xexer. the cathiode triple piiint is af poor source of pri-____I
tuIT t lect rotis or large x al ucs of ft. For 0) = -t45' . cc -_____________________________

trim mi,, he TIS~kior ~rtcc ntiel-40
triin mis heinslaor urac enirlx. For ft = -~45'.

'.rn1 3 < I us er the insulator suLrface and the path length ~2
1 ei tile Insulator oft the electron trajectories is small ta 2

teAilicriis(31, charging can not propagate fIrom the -

jtlide triple point. It is not surprising, then, that insu1
litt ir' mi laree, aingles, xi hether positive or negative. dto not 2-

iiirmree Under at- applied electric hield alone 1281. Ul tra-
.1cl Ilumnantion, hok~exer. provides af source ot' dec-
rn'. \k hid' is, distrihuted over the insulator surface, as in 4

fi l 5(h, iiik i. 'Ihicic it is1, possible fiir (the electric d~'n i'gn&t ,ic o'e ''s

field ejinfien!Lratiori in the inrerelectrodle region to he sig- Fig 16 Angle fi hei~een the ciectrt tieid .indI the in'itttir '.iiiacc a, .1

rijicantlr Moidifted under ultrix iolet Illutntation. duie to ftinr of pousitin tin tie '.iriatec and sirfae chairge ienrii\ SoIu line

hc -,InoL! ii thle insu1.lator surlace. 2 Broken line , 4I-

;i ma nit mude (it the su rtace charge required to signil'f
i, itlo I ttct the intcrelcctriide electric field varies v\ ith angled insulator with the sign of 0, reversed. ]The surface
fte dielectric c-onstant of the insulating mnaterial. Fig. 16 charge denisity is given in units of' the charge dcnsit\ oIn
'.hi is s the depen~decel (it the electric field angle 0j. on the thle vacuIum electrodes.- Treating the vacuum electrodes as

,rta(c charg' e dcnsit\ for Insulators o1 two dielectric con- a capacitance. the surf'ace charge Q on an area A of the
stints, as determined. from a t1Iirical solution to the electrode surf'ace is just Q -CV,. where C is the capaci'

Ili iison equat io n tin this Case, using the code LA PLACE tance of the parallel plate electrodes, and V' is the applited
1 291) [-he res:ults presented are tor uniform positive sur- x oltage. Now, C - f/,!.where 1. is. the intcrelectrode
Lia c charge (in a positively angled insulator, the results, distance. TVhe surh'ace charge dcrnsit) on the vacuum elec-

arc analognus fuir negatix e surtace: charge on a ritgatively trodes is then no - CV/A -' fF since F -V/i.- From
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- 02 t IIt rav tolIei- InduLcC o flashover over po I meric ins ulIators
Inl 'k aCLIumII depends onl the ulltrav iolet fluence incident on
the insulator surface. The negative-angle (unconven-I tional)I configuration is superior in ultraviolet tolerance to
tho positive-angle (conventional) configuration h's ap-
proximately a factor of 2 in fIluecel. Insulating materials
Sith high dielectric constants and low secondary electron

. . emission coefficients exhibit Superior ultraviolet toler-
~ Le *- - *ance. A model of ultraviolet-induced insulator flashover

0 0 based on induced charging of the insulator surface is suf-
.. :- .. ~.ficient to explain the obser\-ed phenomena. The ultra-

- . . violet fluences required to initiate flashover are suffi-
- I, ciently low t. hc cont iulution of neutral particle emnis-

17 .11 c d .I, ion to the initiation of flashover mnay be disregarded, ex-Icept perhaps at very low field stress ( 10 kV /cm ) where

I 1 6. he rlao:c hare dnsit rcuird ti moif\the the critical fluences required to initiate flashover are cor-
I I(s.the21uhte Itrgedc si> rvmu te temodl> he respondingly higher.I A'&nehed ,(o that 01 ( )- i propel ii"11 to the dielec- It is important to note that this work was conducted

ne~ tri tint ot the matierial. and I's (it thle order of USinky a monochromatic ultraviolet source. Previous stud-
1.11. ( 8 ies bys one of the authors using a broad-band ultraviolet

source 11]. 1 1191 found critical fluences which were much

hC l1,Ln~L~d Ot',rtac carunu I nsuatos piorto smaller than those reported here. In those experinlentc.
he itacotue o sutac chrgin etinslatrs rio to however, there was a significant component of ultraviolet

tfi ho~ er [itax ic estimated trout pwhhreakdo%\n current illumination at wavelengths shorter than the 248-nm KrFI aC Suremecnts. Fir the polmners. under considerat ion. 2 laser line. At these short wavelengts the penetration
<5. For F =50 kV .cm, i, ~- 4.4 nC /cm'. Pre- depth ofltraviolet light in the materials is a strong tune-

hi-'akdoowtki Current,, ohserved are onl the order (if 0.5 A tion of wavelength and decreases sharply as wavelengthI )r 60s) n's. so that the charge transferred in the interelec- decreases. Therefore, shorter wavelength ultraviol ettdc gap is, oni the order of 30 nC. The illuminated sur- should have a correspondingly larger effect on surface
-e reaof he nslatr i aproxmaelyI . cm whch phenomena. and thus induce flashover more readily. The

r,(trcspond, to oi 20 nC 7cm> Therefore, the condition previous measurements are therefore consistent with the
iplied bxk (81 is readily satisfied under ultraviolet i11ti data presenited here.
ination-

I-le induced surface charging theory of ultraviolet-in- REFERENCIESI lcedinslaor lasovr i '~acum s cnsitet wth he It) P ti Gleichaul. "Elecirical breakdown over insulators in high sac-
ohscrvadtion that fluence is the critical quantity in deter- uuoM. T AppI Phis_. vol. 22. no. 6. pp. 766-771i. June 1951.

mning, when tlashover occurs. Since the surface charge 121 F_ S. Boros ik and n. P. Batrakos . 'Invesiieation of hreakdokkn inI nistt required to nmdifx the interelectrode field is pro- %aun, So.Pos ch l~. ol .n,9 p 91-87
p rtional to f_ it explains, the dependence of F, on 1r' 31 A. Watson. 'Pulsed flashover of insulators in vacuum." J. Appi.

Snce charging proceeds b's secondary electron emission, Phci.. vol. 39. no. 5. pp. 2019-2023. Apr. 1967.
-[4) R Hakolev. "Solidi insulators in vacuum: A review.- Iacutan. %ol.

it'\plains the dependence of F, on K. The explanation of 18, no. 7. *pp. 383-390, No\, 1968.

the fact that the u neon ventional contigu rat ion is more tol - 15I 0 Milion. 'Pulsed t'ashov eroti insulators in vacuum. I''/h.H. ran.
erant than the conventional is twofold. As Brainard has Hecii i. vol. 1-1-7. no. 1. pp. 9-15. Mar. 1972.

t1 A. A. Avdienko. "Surface breakdowAn of sotid dielectrics in vacuum.
.him\xn 1281, if the insulator surface is charged, it is the Characieristics for hreaikdIOkn of insulators along the vacuum) rI onvcnttonal configuration which is the weaker of the two :ace.' Soo. Phi.N Te'ch. Ph%%_. . ol. 22. no 8, pp. 982-985. Aue.
hjuntilUrationks. Also, since initially 6 < I for 0 = -.45" 1977,

17l R,. V. Latham,. Hiv'i 1 Volta i' I' Vuu if Inu/uhon Lon~ do n Acaand effectively 6 I for 6 = +45'1 (all charges are re- denic, 1991.

oynvoedl front the insulator surface), the conventional con- 18) H. C. Miller, "Itmpros ing the v ltage holiotr performiance 01 alumlinaI Luratimi should be more readily charged than the uncon- insulators in vacuum through quasiitailzing.'' IAH.Ff rank He(
Insil.. vol. El-IS. no. 5, pp. 419 429, 00,i 19811.flttnt inal . "this Is, borne iout by the results shown in Fig. 19) G L. Jackson et al., "Pulse flashover of solid dielectric, in kac-

17 ' .A hich indicate that for the saime illumination, the pre- uumntE.' IF rant. Het. 1Iul , vol. El-1S. nio. 3. pp 3101-314.

b re'akdown Current is, greater for the conventional than for June 1981
h unonvertiumal onhgurtio. Feldenhnceentat 1l01 H. C. Miller. ''h elclc of doping in the voltage holdofi perlor-theUncnketioal onfgurtio. Feldenhnceentat ilance of alumina insulators in vaicuumn. IEEI'KA'Trank flee.Invl

the' wide end of' the insulator. as is the case for a charged vol. 1:1.20. no. 3. pp. 5015-5109, June 1985.
iulator surf-ace, is, also cotnsistent with indications of ex- I L. I_. Hj'" !cl it ul .A treatment which inhibtis surface tlashover

in vacuum," in Proc. X11ft/m 1w .Sinip tDiiharge andf FleitriaI lin-plosivc emission at that point from open shutter photo- .O~bution in Vauumn vii. I i S'horesh. Israel). Sept. 1996. pp 79-83.

graphs, of the induced flashover process 1201. 1121 5 (rzshowski. E. ufl andJ .M~i,"h soe otIull o .PC cat,"h lsoe ot
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